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Abstract 
There are three aims of this work. The first is to further knowledge on metal 
binding to humic acids (HA's), particularly to further understand which functional 
groups on the HA molecule metals complex to. The second is to find a method 
which can provide direct evidence of the formation of ternary complexes of humic 
acid, metal and carbonate. The third is to compare the stability constants of 
metals to HA(aqueous) and to HA(solid). 
Investigations are carried out at pH 6 using CPMAS SSNMR spectroscopy. Metal 
binding to HA is explored using the following metals: Eu, Cd, Ce, Ca, Ba, Sr and 
Zn. It is shown that a 2 ppm significant chemical shift difference is appropriate for 
this work, and that only metals binding to the functional groups of interest or 
close by can cause chemical shift differences above this. Analysis of the following 
13C spectra: HA-Ce, HA-Ca, HA-Cu, HA-Ba, HA-Sr and HA-Zn, and a comparison 
with the 13C HA spectrum reveal chemical shift differences> 2 ppm in the region 
of the spectrum assigned to phenoliC functional groups. Which show that the 
metals are binding to phenolic functional groups. Evidence for metal binding to 
nitrogen containing functional groups on the HA molecule is not provided for all 
metals studied. Evidence for Cd complexing to neither phenolic functional groups 
nor nitrogen containing functional groups is provided. It is shown that Eu destroys 
the 13C signal and therefore no information on the binding of this metal is 
obtained. From this work it is clear that metals are binding to a range of functional 
groups on the HA molecule. 
Four techniques are employed to investigate whether ternary complexes of the 
type HA-M-(HC03)x exist at pH 6. Zeta potential measurements are used to 
investigate the following metals (Eu, Cd, Ce, AI and Ni). Control samples are 
prepared to show that the results obtained are not due to an ionic strength effect, 
or due to the addition of Na into the system. Lower zeta potential measurements 
are obtained in HA-M systems (where M = Eu, Cd, Ce and AI) when NaHCDJ is 
added, which is explained by the formation of ternary complexes. This effect is not 
observed with the Ni study which is explained by a ternary complex of HA, Ni and 
HC03 not forming under these experimental conditions. A 13C Na2C03 sample is 
used to investigate ternary complexes of HA, M and HCDJ (where M = Cd and Ce) 
using solid state nuclear magnetic resonance (SSNMR) spectroscopy. Direct 
evidence of ternary complex formation is provided by the different chemical shift 
values obtained for the samples studied in the Cd study. However in the Ce study 
ternary complexes are only inferred. X-ray diffraction (XRD) on powder samples is 
used to investigate ternary complexes of HA, Cd and HCDJ. The results show no 
evidence for the formation of the ternary complex, as the XRD pattern for the Cd-
Na2C03 sample is comparable to the XRD pattern of the HA-Cd-Na2C03 sample. 
Preliminary experiments using high performance size exclusion chromatography 
(HPSEC) are also discussed as a way of trying to investigate whether ternary 
complexes form. However no evidence is shown that this technique is viable as a 
means of investigating these complexes. 
Conditional stability constants are determined for HA(aqueous) with ca (log f3 = 
3.83) and Eu (log f3 = 5.05), and for HA(solid) with ca (log f3 = 2.30) and Eu (log 
f3 = 4.03). It Is shown that since results between the HA(aqueous) and HA(solid) 
are not comparable, the HA(solid) should not be used as an alternative to 
HA(aqueous) to measure conditional stability constants for the reactions of metals 
with dissolved HA. 
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Aims and Objectives 
The aims and objectives of this work are separated into three sections. 
1. Exploring how metals (M's) bind to humic acid (HA). The main purpose of 
this work was to determine the functional groups on the HA molecule to 
which M's bind. The information would be useful when modelling M-HA 
Interactions in the environment. 
2. Investigating whether ternary complexes of HA, M and HC03 form. Finding 
direct evidence for the formation of ternary complexes of the type 
discussed above has proved difficult. It is the aim of this work to find 
methods which provide direct evidence of such complexes forming. This 
Information would be useful when modelling M-HA interactions in the 
environment. 
3. Comparing stability constants obtained for reactions of M to HA in its 
aqueous form (HA(aqueous» and for M to HA in its solid form (HA(solid». 
Determining the stability constants of M-HA Interactions can be 
complicated, as separating the M free in solution from the M bound to HA 
can be difficult. If the obtained stability constants were Similar for both the 
aqueous HA and the solid HA then a solid HA could be used. Allowing the 
solid HA samples to settle would provide a separation step without the need 
for cation exchange resins. Understanding how M's behave in the 
environment is important. Since, both aqueous HA and solid HA are present· 
In the environment, understanding M interactions to both HA forms Is vital 
for successful modelling of M-HA interactions in the environment. 
Note that during this work the appendix has been separated into appropriate 
sections (i.e. appendix a, appendix b etc) so that work can easily be located. 
Where figures and tables are followed by a letter before the number, the letter 
indicates the appendix where the table or figure can be found. 
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Chapter 1 Introduction 
1.1 Radioactive Waste 
Processes that use radioactivity, such as nuclear power generation, scientific 
research, industry, production of nuclear weapons and some medical procedures, 
generate some form of radioactive waste. Radioactive waste can be separated into 
categories based on the isotopes present, their concentrations, the ionising 
radiation that they emit and their half-lives. The categories are low level waste 
(LLW), intermediate level waste (ILW) and high level waste (HLW), and are 
defined by their levels of specific activity.! In the UK the accepted levels for LLW 
are < 4 GBqJtonne for alpha activity and < 12 GBqJtonne for beta and gamma 
activities. ILW is waste with levels of activity exceeding the upper boundaries for 
LLW, but which do not generate heat as this is HLW.! 
The idea behind disposing of radioactive waste is that humans and the 
environment will be protected from the waste until it decays to safe levels, such 
that it is no longer a potential hazard. When looking at possibilities for disposal of 
radioactive waste, a main consideration is that the half-lives of some radioactive 
elements are thousands of years, and so containment must be for as long as the 
potential risks are not ata minimum.! 
CoRWM (Committee on Radioactive Waste Management) was set up in 2003 to 
provide independent advice to the Government on the safe containment of 
radioactive waste in the UK. CoRWM identified a list of possible disposal options 
which included disposal at sea, near-surface storage, deep geological disposal, 
phased geological disposal, direct injection of liquid waste into rock strata, 
disposal in ice sheets and disposal in space. The key report produced by CoRWM 
1 
in July 2006 outlined its beliefs that radioactive waste in the UK should be 
managed by geological disposal.2 
To assess the safety of nuclear waste disposal into a geological repository, all 
means of release of radionuclides into the environment need to be understood. A 
number of barriers will be in place to prevent the migration of radionuclides both 
inside the repository (known as the near-field) and outside the repository (known 
as the far-field). In the near-field barriers include the choice of canisters to contain 
the waste and the choice of back-fill to fill the repository, which will inhibit the 
migration of radionuclides. In the far field the chosen site of geological disposal 
should inhibit the migration of radionuclides and ideally have minimal groundwater 
movement. 1 
Radionuclides may leave the near-field by a number of routes, the most commonly 
considered route being the invasion and movement of groundwater. Other routes 
include geological events, such as earthquakes or erosion, changes in sea level, 
human intrusion or gaseous radionuclide emissions. These events may cause 
radionuclide migration into the far field. Quantifying radionuclide migration is 
important in understanding the safety of geological disposal for the disposal of 
nuclear waste. To do this an understanding of site hydrology and groundwater 
movement, physical dispersion and diffusion rates, and the geological environment 
and its ability to retard radionuclide migration is vital.1 
It is therefore important to consider the speciation of the radionuclides present; 
since this will dramatically affect the radionuclides solubility and their interactions 
with the media with which they come into contact.3 Metal solubility is dependent 
on many factors including pH (hydrolysis), Eh (oxidation state), sorption to 
surfaces (minerals or colloids) and reaction with complexants (i.e. carbonate, 
phosphate, natural organic matter (NOM) etc).4 
2 
1.2 Humic Substances 
Organic matter in the environment can be separated into two classes of 
compounds, non-humic material (e.g. proteins, polysaccharides and amino acids) 
and humic materials. Humic substances (HS) will be found wherever organic 
matter is being decomposed.5 
NOM in the environment, can complex with metals to make stable complexes, 
which may be more soluble than the cation alone. Radionuclides tend to sorb onto 
surfaces, deeming the radionuclides immobile.5 The interaction of HA with 
radionuclides can re-solubilise them. This may therefore be a major factor in the 
movement of radionuclides through the far-field and to the Biosphere.4, 5, 6, 7, 8, 9, 10 
1.2.1 Formation 
When animals, plants and microbes die, the remains are converted to C02 in the 
process of mineralization. This process is very rarely complete, the extent of which 
depends on a number of factors from turnover time to climate.5 Therefore, organiC 
material accumulates in the form of HS, which are complex.ll, 12 This process is 
known as humification which involves an assortment of undirected reactions, some 
chemical and some involving microbial decay.ll, 12 Once formed, humic substances 
resist degradation although breakdown does occur slowly.5 
1.2.2 Classification 
HS are formed by a variety of chemical and biological processes. This explains why 
their structure, size, molecular weight, elemental compOSition and number and 
position of functional groups vary, depending on the age of the material and the 
geographical region from which it is derived.1l Stevenson defines HS as 'a series of 
3 
high molecular-weight, yellow to black coloured substances formed by secondary 
synthesis reactions,.n Humic matter is typically split into three categories: humin, 
fulvic acid (FA) and HA. Humin is insoluble in acid and base; FAs are soluble in 
both acid and base whilst HA's are soluble at all pH's above 2.5,14,15 
1.2.3 Structure 
HA molecules are high molecular-weight. Their literature values range from a few 
hundred to a few hundred thousand atomic mass units.n , 16, 17, 18, 19, 20 HAs 
contains both alkyl and aromatic units, which are linked by oxygen containing and 
nitrogen containing groups. Their functional groups include phenolic, carboxylic, 
carbonyl, amide and amine groupS.5 There is much evidence that alteration of 
conditions such as pH, alters the shape and size of the humic material, and also 
that there are large variances between samples from different locations.2o, 21,22 A 
predicted structure of HA is illustrated below in figure 1. 
Although there has been much research on the structure of HA, there is still much 
which is unknown. There is evidence that HAs of lower molecular weight (less 
than about 50,000) may be approximately spherical, 24 whilst HA molecules of a 
larger molecular weight may exist as more open structures, which can be 
penetrated.25, 26, 27 Therefore, the larger molecular weight HA molecules are more 
likely to change shape and size, and therefore differing conformations of the 
molecules may exist. 20, 28 
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Flqure 1: A predicted structure of humic acid (K1elnhempel's model ••• reprinted from Buffle 23) 
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1.2.4 Humic Substances in the Environment 
HS are widely abundant in the environment. They are very prominent in the 
aquatic environment, in sediments and dissolved in the water of oceans, rivers, 
lakes and streams. Aquatic HS often contain more oxygen and less carbon and 
nitrogen than the corresponding soil humic material.5 The dissolved organic 
carbon (DOC) content of surface waters ranges from 0.1 to 50 ppm (w.v). The 
DOe content in deep ground waters ranges from 0.1 - 15 ppm (w.v) and in 
oceans the DOe content ranges from 0.5 - 1.2 ppm (w.v), although limits as high 
as 70 ppm (w.v) have been suggested for soil waters.5, 13 In organic-rich soils 
even higher limits have been reported.29 
1.3 HA-M Binding 
HS sorb at surfaces, are photochemically active and interact with many solutes, 
including metals. HAs can sorb onto surfaces such as minerals, oxides and clays 
where they are deemed immobile, or they can be present as dissolved organic 
matter and are deemed mobile. The complexation of a cation to the HA in its 
mobile or immobile state can therefore increase or decrease the cations mobility 
respectively.5 
HA molecules possess a range of functional groups, including carboxylic, carbonyl, 
phenolic, and nitrogen and sulfur containing functional groups, which can form 
strong binding with some metals. It can be envisaged that more than one 
functional group may interact with one metal with folding of the HA molecule, 
generating multidentate sites.5 It is generally believed that carboxylic functional 
groups are the main binding sites on HA for metals, although there is still some 
disagreement as to the extent of metal binding onto phenolic functional groups 
and nitrogen containing functional groups e.g. amine and nitrite groups. 
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Prado et al.3o studied the effect of copper and zinc complexation to HA by Infrared 
(IR) spectroscopy. Comparing the IR spectra obtained from HA and HA-M (where 
M = copper or zinc) showed that the HA-M spectrum was missing one peak and 
another had decreased in intensity. Both peaks were associated with stretching of 
the carboxylic functional group. One peak intensity had increased on the HA-M 
spectra when compared to that of the HA spectra. This peak was associated with 
carboxylic acid stretching. The results were explained by the binding of metal to 
the carboxylic functional groups of the HA; no other observable differences were 
obtained. 
Sachs et al. used NIR (near infra red) spectroscopy31 and EXAFS (extended x-ray 
absorption fine structure)32 to investigate the position of neptunium binding to the 
HA molecule. Modified HAs were used with blocked phenolic sites and 
complexation with neptunium was compared with complexation of neptunium to 
an unmodified HA. Large differences between metal loading capacities indicated 
that HA phenolic groups contribute to the complexation of neptunium with HA in 
the NIR spectroscopy study.31 However these differences were not observed in the 
EXAFS study.32 However the process of blocking the HA phenOlic groups involved 
extreme conditions and no evidence that the other functional groups on the HA 
molecule were not blocked was provided. 
Schmeide et al.33 compared neptunium complexation to HS and to a cation 
exchange resin, which had solely carboxylic acid functional groups as metal 
binding sites. EXAFS on both complexes showed very similar structures. This 
provided evidence for carboxylic functional groups being the predominant binding 
site for neptunium. 
Shin and Choppin34 studied europium complexation to HA by luminescence 
spectroscopy. AnalysiS of spectra suggested two binding modes for the europium, 
one being to three carboxylic groups and the other to either one or two carboxylic 
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groups. This provides evidence for carboxylic functional groups being the 
predominant binding site for europium. 
During this study, further information is to be gathered as to the position of metal 
binding to HA. One of the ways this was done was by nuclear magnetic resonance 
(NMR) spectroscopy. Therefore an insight into the previous work into this area of 
research by NMR spectroscopy is given below. 
NMR spectroscopy is a non-destructive technique useful in providing structural 
information on samples of required interest. Samples can be characterised in both 
the liquid state and solid state. This literature review is intended to provide an 
indication of the previous uses of NMR with regards to HS, but is by no means an 
exhaustive list. 
Proton NMR spectroscopy is a useful technique for characterising the aromatic and 
aliphatic components of humic substances. The proton NMR spectra obtained for 
HS are complex and contain broad signals due to the complexity of the samples, 
the broad signals are most probably due to many Signals, rather than one broad 
Signal. Further fractionation of HS for example using high performance liquid 
chromatography (HPLC) or ultrafiltration techniques has been used to improve 
NMR spectral resolution. 
The greater chemical shift dispersion of carbon NMR spectroscopy means that it is 
generally preferred over the proton NMR spectroscopy technique, although they 
are often used in conjunction. The greater chemical shift dispersion leads to less 
overlap of broad Signals, making changes in structure between samples easier to 
detect. Also, since carbon NMR spectroscopy directly detects carbon nuclei, 
detection of individual functional groups is possible. Broad signals are still 
observed with little to no resonance resolution. A major disadvantage of carbon 
NMR spectroscopy is its low sensitivity due to only 1.1% abundance of carbon 13. 
This low sensitivity coupled with the low solubility of HS presents a significant 
barrier to performing these measurements. 
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Advantages of using solid state nuclear magnetic resonance (SSNMR) 
spectroscopy over liquid state are: 
1. no concentration limit 
2. no solvent effects 
3. sample stability in the solid state 
4. in the Loughborough University Chemistry Department the SSNMR 
spectrometer is considered to be for specialist use, therefore, data could be 
collected on samples for 5 days where necessary. This was not possible on 
the liquid state NMR spectrometers 
5. formation of colloidal suspensions interferes with liquid state NMR, but is 
not a problem for SSNMR 
NMR spectroscopy is typically used as a technique to compare different humic 
samples, whether this is in the solution or solid state. SSNMR has been used to 
compare humic material from different geological locations22, 35, 35, 37, 38 or from 
different size fractions of the sample humic sample.39 The resonance lines (which 
as previously explained are very broad and therefore referred to as peaks) are 
assigned to known functional groups and the position and height of these peaks 
are compared. Listing individual peak chemical shift values is beyond the scope of 
this introduction and are discussed in more detail within the relevant sections of 
this work. Solution NMR has also been used for the same comparison purposes.40, 
41,42 
The use of paramagnetic elements in NMR spectroscopy studies cause large 
changes in the chemical shift and increased broadening, which causes signal loss 
and often resonance peaks are undetectable. This effect is not so pronounced with 
diamagnetic metals. Naturally occurring HS contain both paramagnetic and 
diamagnetic metals. Many authors have tried to overcome this problem by use of 
a hydrofluoric acid treatment to remove paramagnetic iron from humic material.43, 
44, 45 However, this procedure has been found to have implications on the structure 
of the humic material under investigationY, 45 
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In recent years interest has developed into using NMR to investigate metal binding 
to NOM. Hertkorn et al.46, U et al.47, Otto et al.48• 49 and Perdue et al.so have all 
used cadmium 113 NMR spectroscopy to investigate cadmium binding to NOM. Lu 
et al.S1 used vanadium 51 solution NMR spectroscopy to investigate vanadium 
binding to humic material. Xu et al.s2 investigated caesium and chlorine 
complexation with NOM using caesium 133 and chlorine 35 NMR spectroscopy. 
The above experiments are useful for analysing whether the ligands are binding to 
the humic material, and also approximating the variety of different binding sites 
that the ligand is binding to. Although no conclusive evidence for the position of 
ligand binding onto the humic material can be obtained from such experiments, 
Hertkom et al.46 concluded that cadmium appears to bind to oxygen, nitrogen and 
sulfur containing functional groups. For all experimental conditions studied the 
cadmium appeared to be predominantly coordinated to oxygen containing 
functional groups. Li et al.47 concluded that cadmium was binding to 
predominantly oxygen containing functional groups but took it a step further than 
Hertkom et al.46 by hypothesising that the cadmium was probably coordinating to 
carbonyl functional groups, which was supported by results obtained from Otto et 
al.48 At high pH Li et al.47 observed some evidence for cadmium coordinating with 
nitrogen containing functional groups. The same results were concluded by Perdue 
et al.so who found that cadmium coordinated with both oxygen and nitrogen 
containing functional groups on the NOM, with the coordination to nitrogen 
becoming more important with increasing pH. 
In this PhD, complexation of metals to HA will be investigated using SSNMR 
spectroscopy. This work will then be progressed to look for direct evidence of 
ternary complexes of HA, metal and carbonate. This work is novel since no 
previous author has used carbon SSNMR spectroscopy for anything further than 
analysis of the humic material alone. Some research has been carried out to look 
at metal binding to HS's but through analysis of the metal not the humic 
substance itself. 
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1.4 Ternary Complexes 
There are many models that are used to model metal binding to HS, the majority 
of which assume a 1:1 stoichiometry of the metal ion with a ligand (L) site on the 
humic material. However it is possible that a metal ion, bound to a site on the 
humic material, can exchange coordinated water molecules against low molecular 
weight ligands to form complexes of the type HS-M-t.. (i = 1, 2, ... , n). Neglecting 
the formation of such complexes in speciation programmes can lead to an 
underestimation of the degree of metal complexation to HS in systems which 
contain low molecular weight ligands, such as in carbonate rich groundwaters. 
Over recent years the complexation of trivalent actinide and lanthanide ions with 
HA has been intensively studied as discussed above. However, the majority of 
these investigations have been carried out at low pH. The primary motivation for 
this being to avoid complications due to hydrolysis, such as precipitation. When 
considering environmental Situations, the hydrolysiS reaction and complexation 
with carbonate are considered dominating reactions for many trivalent actinides at 
high pH. Complexation with other ligands that may be present in the groundwater, 
such as chlorine, sulfate or phosphate ions, is deemed less important either due to 
their low concentrations or weak complexation strength.s 
Direct evidence for the formation of ternary complexes is notoriously difficult to 
provide, often ternary complexes are inferred from the results and often results 
from different papers contradict each other. A number of techniques have been 
used to investigate ternary complexes involving NOM; the main results are 
discussed in more detail below. The aim of this study was to find methods of 
analysis which would give direct evidence of the formation or absence of ternary 
complexes in systems studied. 
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Panak et al.68 used time resolved laser fluorescence spectroscopy (TRLFS) to look 
at mixed complexes of curium with HA and either water or carbonate. The results 
obtained were ascribed to the formation of temary complexes of curium, with HA 
and another ligand (phenol or carbonate). The experimental results obtained 
suggest that both binary and temary complexes of trivalent actinide ions can form 
under natural groundwater conditions. The extent of which is dependent on pH, 
the HA concentration and the partial pressure of carbon dioxide. Morgenstem et 
al. 69 also used TRLFS to study temary hydroxo complexes of curium with HA, 
which showed large variations with pH which was ascribed to the formation of 
ternary complexes of the type HA-M-(OH)x. Sachs et al.7° also inferred the 
formation of a HA-M-(OH)x complex at pH 7 using TRLFS using uranium as the 
metal of interest. 
Dierckx et al. 71 used dialysis and the Schubert method to postulate the formation 
of mixed complexes of europium with HA and an additional ligand of the type 
Eu~HA, where L= acetylacetone, iminodiacetic acid, carbonate or phenol. The 
stability constant given for the formation of the Eu(OH)zHA (log 13 (EuOH2HA) = 
18.0 :!: 0.4) was comparable to that given by Panak et al.68 (log 13 (CmOH2HA) = 
17.0 :!: 0.3). However, the respective stability constants for the formation of mixed 
complexes, indicate a much stronger interaction of the europium ion with humate 
than found in the curium study. For Dierckx et al; log 13 (Eu(C03)zHA) = 16.4 :!: 
0.3, for Panak et ai, log 13 (Cm(C03hHA) = 12.4 :!: 0.2. Values given for the 
stability constants of binary metal complexes (taken from the literature) were 
compared with those of the postulated temary complexes.71 The stability 
constants for the postulated temary complexes were considerably larger than 
those given for comparative binary complexes.71 Moulin et al.n also postulated 
the formation of europium mixed complexes with carbonate and HA using TRLFS. 
Kipton et al.73 used anodic stripping voltammetry to study the interaction of HS 
with stable hydrophobic copper complexes, Cu(PAN)2 and Cu(oxineh where PAN = 
1-(2-pyridylazo)-2-naphthol and oxine = 8-quinolinol. The data obtained were 
combined with spectrophotometric measurements and suggested that a ligand 
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was displaced from the copper complex to form a temary complex, HS-Cu-L, 
although the data obtained from spectrophotometric analysis were deemed as 
"not of high quality". 
Glaus et al,14 used the equilibrium dialysis ligand exchange (EDLE) technique to 
look for evidence of mixed complexes using fulvic acid, metal (cobalt and uranyl 
ions) and ligand (oxalate, ethylenediamine tetraacetic acid (EDTA». The results 
obtained modelled better when mixed complexes were considered, but showed 
that such complexes were rather weak, contradicting to results presented by 
Dierckx et al.71 
Sakuragi et al.75• 76 used the cation-exchange equilibrium method, which indicated 
the formation of americium mixed ligand complexes with HA and phenol. Stability 
constants were determined by spectroscopic analysis and also using a dialysis 
technique. These were then compared with the data obtained from the cation-
exchange equilibrium method. The observed differences indicate that these 
previously reported literature values underestimate temary hydroxo complexation. 
Lu et al.77 postulated the existence of copper mixed complexes with HS and 
phenol, i.e. [Cu(H20)n]HS where n equals 1,2,,,., using electron spin resonance 
(ESR) spectroscopy. No stability constants were given for these complexes. 
Plancque et al.78 investigated europium speciation in the presence and absence of 
HA using TRLFS and found that data could be explained simply by binary complex 
formation and did not need to postulate the formation of temary complexes. 
Pourret et al.79 combined ultrafiltration and inductively coupled plasma mass 
spectrometry (ICP-MS) techniques to investigate temary complexes of HA, rare 
earth elements and carbonate. The results concluded that temary complexes did 
not exist which agreed with work carried out by Plancque et al.78 
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In summary Dierckx et al.71 reported the formation of Eu with HA, and a 
competing ligand, such as carbonate or phenol although this was contradicted by 
evidence provided by Plancque et al.78 Morganstern et al.68 and Panack et al.69 
presented evidence for the existence of ternary complexes of trivalent actinides 
with HA, and either carbonate or phenol, as the competing ligand. Glaus et al. 74 
decided that, for modelling HA-M interactions, the use of mixed complexes 
enhanced the fit of experimental data to data predicted by the model. This work 
was contradicted by Plancque et al.78 and Pourret et al.79 
1.5 Immobilization of HA 
HAs are well known to complex to metals ions in solution, however, categorising 
the extent of this proves difficult as it is complicated to separate metal bound to 
the HA from metal free in solution. If metal complexation to an immobilised HA 
could be related to that of aqueous HA, this may remove the previous problem of 
separating metal bound to HA from that free in solution. 
In the literature immobilizing HA onto silica is the most researched technique. 
Barbot et al.8o immobilised HA onto silica and used a number of analytical 
techniques to confirm that the HA was bound to the silica. Unfortunately as of yet 
no stability data has been provided for the immobilised HA, nor any information on 
metal complexation to the immobilised HA. 
Bulman et al.81 also immobilised HA onto silica gel and the cation exchange 
capacity of silver was measured for the immobilised HA and FA. Studies were also 
carried out on the extent of americium and plutonium complexation to the 
immobilised HS, and Rd (distribution coefficients) were given. The authors 
commented that thorium complexation to immobilised HA was compared with that 
of aqueous humic acid and that the binding energies were identical. However 
these data were not included in the article. 
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Czerwinski et al.s2 also immobilised HA onto silica beads. Two different linkages 
were used, epoxy (HAEpo) and 2-hydroxylazobenzene (HA-HAB). The 
complexation of europium onto both immobilised HA samples was investigated at 
pH 4 and at pH 6. The proton exchange capacity (PEC) for the immobilised HA 
was compared with that of the aqueous HA and results were remarkably similar. 
Stability constants obtained for europium immobilised HA samples were compared 
to that of an aqueous HA and were found to be comparable. 
Klavins et al.s3• 84 immobilised HA in five different ways: 
1. onto Merryfield resin (chloromethylated styrene-di-vinylbenzene polymer) 
2. onto epoxypropylsilica 
3. onto epoxypropylcellulose 
4. onto aminopropyl silica using a water soluble carbodiimide 
5. by polycondensation reaction with formaldehyde. 
There was less than 8% HA desorption after 24 h even in 0.05 mol dm-3 sodium 
hydroxide. The complexation of cadmium, cobalt, copper, manganese and nickel 
to the immobilised HA samples was investigated and values were given in mg g-l. 
There were differences in these values when comparing the two articles, and no 
comparison to the aqueous HA was made. 
Prado et al.ss, 86. 87 also immobilised HA onto silica gel and showed that this was 
stable up to 750 °e,86 (normally HA is only stable up to 200°C). Binding of a dye 
to the immobilised HA was investigated but a comparison with aqueous HA was 
not made. 
Cldes de Silva et al.88 Kara et al.89 and Stark et al.9o also immobilized HA onto 
silica and found that the metals investigated were removed from solution. But 
again a comparison with HA was not made between the results and an aqueous 
form of the HA that was being used. 
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Crespilho et al.91 incorporated HA and poly(allylamine hydrochloride) (PAH) 
together using a layer-by-Iayer technique. The technique involved placing glass 
into a solution of HA for 5 min, washing and then drying under a nitrogen flow, 
this was followed by placing the glass into a PAH solution, washing and then 
drying. This process was carried out 20 times. Unfortunately neither stability data 
nor data on ligand complexation were provided for the immobilised HA. 
Several papers 92, 93, 94 have been published which have investigated metal binding 
to a solid precipitated out HA, but for all work a pH of ~ 4.5 has been used, this 
being to avoid the HA dissolving. The authors have investigated different metals 
binding to the solid HA, Ghabbour et al.92 investigated iron, lead and copper, 
Davies et al.93 investigated manganese, copper and iron and Klucakova et al.94 
investigated copper. A comparison with Langmuir theory was conducted in each 
case, for which two papers found comparable results 92, 93 with the model, whilst 
one did not. 94 
Although research in this area is gathering in interest, there is, as of yet, no 
accepted method for preparing a solid Aldrich HA, which is comparable in 
behaviour to that of the aqueous HA. This PhD intends to investigate a 
precipitated out solid HA and compare its metal binding to aqueous HA at pH 6. 
HA flocculates out of solution and is relatively stable. HA is classified by the fact 
that it is soluble at all pH's above 2, however for the Aldrich HA to dissolve it 
initially needs to be taken to a much higher pH (above pH 10) and then it appears 
to remain in solution unless the pH is taken to below 2. 
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Chapter 2 Theory 
During the course of this experimental work the following techniques were used: 
SSNMR spectroscopy, X-ray diffraction (XRD) on powders and zeta potential 
measurements. Since these techniques are less common in radiochemistry than 
the other techniques used, a brief theory is given. 
2.1 SSNMR Spectroscopy 
Some nuclei have a spin quantum number (I) which can take values of 1 = 0, V2, 
1, 312, 2 ... etc, this is largely based on the number of unpaired neutrons and 
protons. This gives rise to a property called spin which is the intrinsiC angular 
momentum of the nuclei, the magnitude of which increases with increasing spin 
quantum number. Spin angular momentum is a vector quantity i.e. it has both 
magnitude and direction, and has 21+1 possible orientations in an extemal 
magnetic field (130). 
This spin causes the atomic nuclei to behave as a magnetic dipole (which can be 
thought of as a tiny bar magnet, with a north and south pole), the magnitude of 
which is proportional to the spin with y (the gyromagnetic ratio) as the 
proportionality constant. We have already stated that in an external magnetic field 
the magnetic dipole has 21+1 possible orientations, this leads to 21+1 possible 
energy states, which are split by llE= flyBo where fl = h/27t and h is Planck's 
constant. 
Irradiation of a system of non-interacting spins by an electromagnetic field 
(frequency v) can cause transitions between neighbouring energy states, when the 
resonance condition hv = hvo = llE is fulfilled. At Vo photons are absorbed by the 
nuclei from the electromagnetic field, and the change in the number of photons 
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can be detected. Photons are absorbed by the nuclei from the electromagnetic 
field, and the change in the number of photons can be detected. This results in a 
resonance line at Vo in the frequency spectrum. 
In practice, spins are never completely isolated from each otherj they interact with 
their surroundings, the electrons in the electron cloud around the nucleus and 
with each other. The presence of the electron cloud around the nucleus results in 
a shift of the resonance line, which is characteristic for the density and distribution 
of electrons in the electron cloud. This is called the chemical shift and provides us 
with a sensitive measure of chemical environment. The chemical shift is 
proportional to the frequency of the applied radiation and is expressed in parts per 
million (ppm). For example a spectrometer operating at 100 MHz, with a 1 ppm 
value implies that the resonance line is separated from Vo by 100 Hz. 
The interaction between nuclear dipoles can occur in two different ways. The first 
is through space dipole-dipole interactions, which leads to a shift in the resonance 
line. The second is the indirect or J-coupling which arises from different spin 
states through chemical bonds of a molecule resulting in characteristic multiplet 
patterns (doublet, triplet, quartet) that provide information on a nuclei's 
immediately bonded neighbours. 
In the liquid state dipole-dipole interactions are averaged out by the fast 
reorienations of the dipoles. In the solid state dipole-dipole interactions can lead 
to broad lines which can obscure the useful information. Special techniques have 
been developed which can completely or partially remove these effects. 
Many of the interactions between a magnetic dipole and its surrounding are 
anisotropic, i.e. the magnitude of the interaction is dependent on the orientation 
of the molecular fragment containing the magnetic dipole relative to the direction 
of the applied external magnetic field. This is only relevant for samples which are 
static or in very slow motion. The following anisotropic interactions need to be 
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taken into consideration: (1) the dipole-dipole interaction and (2) the chemical 
shift anisotropy (CSA). 
Dipolar coupling - this coupling is seen due to NMR active nuclei interacting with 
each other. The size of this interaction is a direct through-space effect (ljr), 
which Is also dependent upon the nuclei involved (VA * VB) and the angle made by 
the interacting nuclei with the external magnetic field (3cos2e-1). Figure 2 shows 
the effect of bond angle against the external magnetic field. This shows that at 
the magic angle 54.7° the angular dependence is equal to zero. 
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Figure 2: Angle dependence of dipolar coupling95 
CSA - Depending on the orientation in a magnetic field a single crystal can display 
a number of chemical shifts; a powder displays a superposition of many chemical 
shifts. CSA is angle dependent by 3cos2e-1. Figure 3 illustrates the effect of 
spinning the sample at 54.7°, the so called magic angle a technique which is called 
magic angle spinning (MAS) on the SSNMR spectra. A static sample Will give a 
broad pattern with indistinguishable peaks due to the CSA and dipolar coupling. 
Slowly spinning the sample distinguishes the CSA pattern as the dipolar coupling is 
removed from the spectra. Spinning the sample faster begins to remove some of 
this CSA pattern and, at fast MAS, a single peak resides where the effects of 
dipolar coupling and CSA have been removed. Incomplete rotation ally removed 
CSA manifests itself as spinning side bands (SSB's) set to either side of the pseodu 
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isotropic chemical shift appearing as periodic. spikes at the rotor rotational 
frequency. 
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Figure 3: CSA of SSNMR Samples" 
In solution NMR spectroscopy the spectra obtained only show the effects of 
chemical shift and J-coupling, since the random thermal motion of particles 
cancels out the CSA and dipolar coupling. In static solid state NMR spectroscopy 
these interactions· are not averaged and cause line broadening which is 
undesirable. 
Spinning the sample at the magic angle removes the angle dependence of CSA 
and dipolar coupling and has been found to remove much of the CSA and the 
dipolar coupling. 
Cross polarization (CP) - is the technique of generating magnetisation on a more 
abundant nucleus (i.e. IH) and transferring it to a less abundant one (13C). This 
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works by both nuclei being irradiated by their correct Larmor frequencies providing 
the Hartmann - Hahn condition is met. This gives a better signal-to-noise ratio 
with each single pulse experiment, and since the relaxation of IH is much shorter 
than for 13C, a greater number of scans can be performed in the same amount of 
time. This technique preferentially enhances the !3C where IH are in close 
proximity. 
The gyromagnetic ratios of IH and 13C are fixed (VC125 VH500) so experimentally only 
the power of each pulse in the CP step can be modified. If these are set properly, 
the IH and !3C magnetization precess at the same rate, allowing for transfer of the 
abundant spin polarization to !3C. Direct polarization (DP) of the nuclei of interest 
is still a common technique. A ramped CP technique (ramping the pulses applied) 
is often used to improve CP efficiency, to ensure that the Hartmann-Hahn 
condition is met. The last step in CP is to remove the effects of the abundant IH 
spins from the !3C nuclei - a process known as proton decoupling. 
Proton decoupling - The splitting of peaks due to residual dipolar coupling and J-
coupling can be undesirable since it distributes the signal intensity over all of the 
associated peaks. So it can be desirable to remove this. Originally decoupling was 
a simple on-off method (on at the start of acquisition and off at the end of 
acquisition), multiple pulse decoupling sequences heat the sample much less and 
more effective at decoupling all IH_!3C interactions over the whole spectrum. An 
r.f (radiofrequency) field at the IH Larmor frequency is applied at the same time 
as acquiring the !3C NMR signal. Providing that the IH r.f. field is strong enough 
and close enough to the Larmor frequency of the relevant protons, the 13C spins 
behave as if the J-coupling does not exist. In this report TPPM-15 a multiple pulse 
decoupling method is used. Acquiring a 13C free induction decay (FID) using no 
decoupling results in a very fast decay of the FID due to the large IH_!3C 
couplings, reducing the signal intensity to effectively zero. It is possible to control 
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when the decoupling is switched on and off to yield chemical assignments in the 
13C spectrum, a process known as dipolar dephasing. 
Dipolar dephasing - is the process of introducing a delay (02) between starting to 
acquire the AD and switching proton decoupling on. This technique is useful to 
identify the signals with neighbouring hydrogens. The effect of this delay is 
dependent upon the number of protons that are nearby to the carbon atoms. The 
signal intensities of quatemary carbons will be unaffected, whilst those of CH3 
groups will incur greater signal losses than those associated with CH2 groups. 
A number of pulse programmes were used during the course of this work, 
simplified schematics for these pulse programmes are provided here. During the 
following diagrams the following abbreviations are used: P1 = pulse (at required 
frequency), AD = record AD, 01 = delay between pulses (to allow for 
relaxation), CP = cross polarization, PO = proton decoupling, 02 = delay between 
starting to record the AD and tuming on the PD. 
DP Pulse programme used for 'H, 13C and 1I3Cd analysis (figure 4) showing the 
single pulse, collecting the AD signal and the relaxation delay before the process 
can start again. 
P1 AD 01 
Figure 4: DP pulse programme 
CP pulse programme used for 13C analysis (figure 5) with proton decoupling, 
although some spectra were obtained Without the use of proton decoupling. 
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Showing the IH pulse, then the cross polarization, followed by collection of the 
FID. If proton decoupling is to be used then this is switched on and off 
corresponding to the start and end of the collection of the FID. 
FID 
13C ) 
P1 I cp PD 01 
!1 n IH 
Figure 5: CP pulse programe 
Dipolar dephasing pulse programme (figure 6) highly resembles the CP pulse 
programme (figure 5). The difference being the D2 delay, in the CP pulse 
programme the decoupling is turned on at the same time as collecting the FID 
starts. In the dipolar dephasing experiment there is a small delay (D2) before the 
proton decoupling is turned on. 
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FIO 
A t 11 
I Af\ 13C I 
I v 
I 
P1 Cpl 02 PO 01 
n 11 I I lH 
Figure 6: Dipolar dephaslng pulse programme 
The signals of a NMR spectrum can be fitted with a Lorenzian/Gausian function; 
this can be particularly useful for overlapping signals. Where peak fitting has been 
performed on spectra this has been done using Topspin 1.3, 95 lineshape fitting 
routine. An estimate of the number of peaks in the spectrum is made and these 
with approximate chemical shifts, intensities and line broadness are positioned 
into the spectrum. The Topspin 1.3 programme 95 alters the parameters until the 
best fit over the whole spectrum is obtained. After this, more peaks can be added 
if deemed necessary, and the iterative fitting restarted. 
2.2 Zeta Potential 
When an HA molecule is dissolved in solUtion, some functional groups may 
dissociate leading to the development of a net charge at the particle surface. Ions 
of opposite charge (counter ions) are attracted to this charge, which in turn 
attracts ions of opposite charge to the counter ions. As the HA molecule moves 
through the solution, some of the ions move with it. .The point at which this no 
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longer happens is called the shear plane and the potential at this point is called 
the zeta potential (figure 7) . 
• 
• 
• 
• 
• 
• 
• 
Shear Plane 
• 
• 
• 
Figure 7: Humic acid in solution and the shear plane 
+ 
If a metal was to bind to the molecule, this would alter the arrangement of ions in 
solution, and therefore would change the zeta potential. If a further ligand such as 
hydroxide or carbonate was then to bind to the metal, again this would alter the 
arrangement of ions around the system, further altering the zeta potential. This 
change in zeta potential may provide direct evidence for the formation of ternary 
complexes. 
The electrophoretic mobility (the velocity of a particle in unit electric field) is 
measured using laser doppler electrophoresis. After injecting the sample into the 
capillary, two laser beams define a small volume of the sample. The two beams 
cross causing interference fringes, and any particles inside this defined volume 
interact with these fringes, scattering light in a way which is dependent on the 
speed of the particle. The scattered light and the light from a reference beam are 
collected by a photon-counting multiplier. This information is then passed onto a 
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computer programme that is used to calculate the spectrum of particle motion, 
which leads to the determination of electrophoretic mobility. 
An electric field is applied to the capillary; a charged particle will be attracted 
towards an electrode of opposite charge. Once equilibrium has been reached the 
particle moves with constant velocity, which is dependent on the strength of the 
electric field, the dielectric constant and viscosity of the medium and the zeta 
potential of the particle. 
The zeta potential is related to the electrophoretic mobility by the Henry equation: 
U
E 
= 2&Zf(ka) (ii) 
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Where, 
Ue = electrophoretic mobility (mV1s-l) 
z = zeta potential (mV) 
£ = dielectric constant 
,,= viscosity (kg m-I S-I) 
f(ka) = Henry's function 
The function f(ka) is approximated depending on the conditions of the experiment 
by two approximations, the Smoluchowski approximation (1.5) and the Huckel 
approximation (1.0). The Smoluchowski approximation is most commonly used, 
since this fits systems where the particles are larger than 0.2 microns and are 
dispersed in electrolytes containing more than 10-3 mol dm-3 salt. The Huckel 
approximation is only used when this does not apply. In the experimental work to 
follow the Smoluchowski approximation was used. 
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2.3 XRD on Powders 
A simplified schematic of a diffraetometer system is given in figure 8. The material 
of interest is called the sample, the fraction of the sample which is actually 
analysed is the specimen. The measuring circle is defined by the position of the 
sample, the X-ray tube and the detector and remains constant during analysis. 
The incident angle 9 is the angle between the incident beam and the specimen. 29 
is the angle between the incident and diffracted beams. In simple terms a beam of 
X-rays is directed at the specimen and the diffracted X-rays are detected. 
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Figure 8: Simplified schematic of XRD system 
Detector 
For XRD analysis a coherent beam of monochromatic X-rays of a known 
wavelength is required. A pure anode (of a particular metal, in this case copper is 
bombarded with high-energy electrons in a sealed vacuum tube, to produce X-
rays. X-rays of known wavelengths are produced by using a known metal anode 
and using electrons of known energy for bombardment. The radiation is 
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'processed' to give a monochromatic beam of X-rays, using a monochromator, 
filters or an energy-selective detector. 
Interaction of x-rays with the specimen created secondary diffracted X-rays, which 
correlate to the interplanar spacing's in the crystalline powder according to Braggs 
Law. 
NA. = 2dsin B (iii) 
Where, N = an integer 
A = wavelength of the x-rays (nm) 
d = interplanar spacing generating the diffraction (mm) 
e = diffraction angle (degrees) 
The X-rays diffracted by the specimen are measured and used to obtain a 
diffraction pattern. Diffraction maxima (or peaks) are measured along the 
diffractometer circle. The angles and intensities of diffractions are recorded 
electronically using a detector, electronics and speCialised software. This results in 
a plot of 28 (horizontal axis) versus intensity (vertical axis) for the specimen. 
2.4 Determining Stability Constants 
2.4.1 For HA(aqueous) - The Schubert Method96 
For a binary system the stability constant (13) for the formation of a M-L complex 
where M = metal and L = ligand, is given by: 
fJ [M,L,] (I·V) 
= [Mx7[L]' 
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Where, [MnL,] is the concentration of M-L (mol dm'3), [W+] is the concentration of 
free metal (mol dm'3) and [L]' is the concentration of free L in solution (mol dm'3). 
In the Schubert method the concentration of metal in solution is determined in the 
presence and absence of cation exchange resin. The concentration of the ligand is 
in large excess to the metal concentration, therefore the equilibrium free ligand 
concentration can be assumed to be the initial concentration . The distribution of 
the metal between the resin [Mres] and the solution [MsoI] when a ligand is present 
is defined as: 
0 = [M«,] (v) 
[Mood 
The concentration of metal in solution includes all free metal cations, all hydrolysis 
products, and all metal complexes, therefore D can be written as: 
0 = [M, .. ] (vi) 
[M H ] + [M . L, ] + [MOH('-')+ ] + [M(OH), (,-,)+ ] + ... 
Using the equilibrium expression for the hydroxyl species that are formed, D can 
be written as: 
0 = [M ", ] (vii) 
[M H]+ [M.L, ] + p'(OH)[MH][OH' ] + p '(OH] [M H ][OH']' + ... 
This can be rewritten as: 
0 = [M ... ] (viii) 
[M. L, ] + [M H ] { 1 + .0, (0),) rOW] + .0'(0)1) [OH- ]' + ... } 
This can then be written as: 
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0= [M ... ) (ix) 
(M"L, )+[M >+ )A 
Where A = 1 + A(oH)[OH-] + /J.z(OH)[OH-f + ... as discussed by Maes et al.97 A is 
detemined from using the known pH values to determine [OH-] and the fl values 
are taken from the NIST database.98 However, since the flvalues for both Ca and 
Eu were relatively low and samples were prepared at pH 6, the A term was 
calculated to be 1.000000 for all samples. Therefore, during this work A will be 
given as 1. 
Equation ix can be written as: 
0= [M ... ) ( ) 
(M>+ ){A+P[M>+ )(L)'} x 
The distribution of the metal between the solid phase and solution phase is also 
determined in the absence of any other ligand, (Do), which is given by: 
o = [M,,, ) (xi) 
o A[MH ) 
Do is determined experimentally from knowing the M concentration added and 
from measuring the M concentration remaining in solution when in the presence of 
the resin. 
These equations may be used to produce stability constants although knowledge 
of the stOichiometry is imperative if n > 1. When n = 1 the Schubert expression is 
used: 
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fJ = ~- l *~. (xiii) 
2.4.2 For HA(solid) 
A simplified reaction (ignoring charges) for metal-HA binding is: 
M + HA -- M-HA (xiv) 
The conditional stability constant can then measured by using the following 
equation99 : 
_ [MS] 
fJ -[MIs] 
_ Cm - [M] 
= [M Rc, - (Cm - [MD} 
(xv) 
Where [MS] = Concentration of metal bound to HA binding sites (mol dm-3). 
[M] = Concentration of " free" metal in solution (mol dm-3) 
[5] = Concentration of " free" binding sites on humic acid (mol dm-3) 
Cm = Total metal concentration added (mol dm-3) 
Cs = Total site concentration on humic acid for binding metal (mol dm-3) 
Since Cm is known and [M] can be measured, the only factor left is Cs which is 
determined by the following equation: 
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Where [HA] = Total concentration of humic acid (g dm-3) 
PEC = Proton exchange capacity of humic acid which for Aldrich sodium 
humate is a known value (5.3 x 10-3 [eq g-l ]) 100 
Z = Charge on metal cation 
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Chapter 3 Experimental 
This chapter is separated Into four sections the first a general experimental section 
which applies to the other 3 sections and the remainder correspond to the 
chapters in the results and discussion section: 
1. General Experimental 
2. Metal-HA interactions 
3. Ternary complexes of M, HA and Heal 
4. Aqueous versus solid HA - M interactions 
3.1 General Experimental 
3.1.1 Equipment 
3.1.1.1 pH 
All pH measurements made during this work were made using a Fischer pH glass 
electrode and an Orlon model 720A, type number: FB68788. 
3.1.1.2 SSNMR Spectroscopv 
The solid state spectra were obtained on a Bruker Avance-500 MHz spectrometer 
using either the HX 4 mm or HX 2.5 mm probes. Pulse programmes were used as 
defined in the Instrument documentation. Individual experimental procedures are 
defined where appropriate in this report. 
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3.1.1.3 IR Spectroscopy 
The IR spectra were obtained using a Shimadzu Corporation FTIR-8400S Fourier 
transform infrared spectrophotometer. 
3.1.1.4 Zeta Potential 
A Malvern Zetamaster (ZEMs002) using the computer package (ZEM42s) was 
used. 
The following settings were used, which are the standard settings used for 
samples that are prepared in water; in this work no organic solvent was used: 
• Angle(O) - deselected 
• RI dispersant - 1.330 
• Viscosity - 0.856 
• Dielectric constant - 79.0 
• Electrode spacing - SO mm 
• Cell type: capillary cell 
• Position - 17.0 
• F(ka) - 1.50 Smoluchowsky- . 
3.1.1.5 Ultraviolet-Visible (UV-VIS) Absorbance 
UV-VIS absorbance was measured using a Varian Cary 50 (version 3) Bio UV-
Visible spectrophotometer with Varian Cary series Win UV Software. 
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3.1.1.6 XRD on Powder Samples 
Bruker D8 Advance powder diffractometer with a PSD detector operating with 
monochromated Cu ka1 radiation (1.5406 A) was used. Data collection took place 
over 60 min, with XRD patterns being obtained for 29 values between 15° and 
70°. 
3.1.1.7 High Performance Size Exclusion 
Chromatography (HPSEC) 
A Phillips PU 4100 liquid chromatograph was used with a Hewlett Packard series 
1050 detector. Clarity Lite chromatography station software was used to collect 
and analyse the data. A TOSOH, TSK-GEL size excluSion column (G4000SWXL) 
was used to separate the analytes and an absorption wavelength of 210 nm was 
used. 
3.1.1.8 Measuring the counts per minute (cpm) of 
radioactive Ca and Eu 
Eu 152 counting was carried out using a Packard Cobra II gamma counter. Where 
samples were counted using channels set to count between 100 and 1500 keV. 2 
cm3 of sample were measured out into an appropriate gamma vial before 
measuring samples over a time period that provided at least 10,000 counts per 
sample, where practicable to a maximum of 1 hr. 
ca 45 counting was carried out using a Canberra Packard Tricarb 2750 TRILL 
liquid scintillation analyser (Packard). Samples were counted using channels set to 
count between 15 and 250 keV. 1 cm3 of the sample was measured by adding 10 
cm3 of Goldstar scintillant, thoroughly mixing and then measuring samples over a 
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time period that provided at least 10,000 counts per sample, where practicable to 
a maximum of 1 hr. 
3.1.2 Experimental Information 
3.1.2.1 Washing Sample Vials 
Sample vials were washed thoroughly with tap water, then with a dilute HN03 
solution, washed again with tap water and then finally with deionised (D!) H20. 
The lids for the sample vials were placed into a large polypropylene container with 
a lid. The same order of washing applied, the only difference being that the 
container was filled with the liquid, the lid applied, the container shaken and then 
the liquid drained off. The lids were then placed loosely onto the sample vials, 
which were then left to dry in air, whilst preventing dust from entering the 
samples. 
3.1.2.2 HA Purification 
The HA used throughout this experimental work was purified Aldrich sodium 
humate, purified by the following method. 2 g of Aldrich sodium humate were 
weighed out into a 2 dm3 volumetric flask with N 1900 cm3 DI H20. 4 cm3 of 0.1 
mol dm-3 NaOH were added to dissolve the Aldrich sodium humate. Once the 
sodium humate had dissolved 10 cm3 of Hel were added to lower the pH to below 
2. Once the sodium humate had settled out of solution, the yellow fulvic acid 
fraction was decanted off. The remaining solution was filtered to produce xl 
purified HA. These steps were repeated again to produce x2 purified HA. 
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3.1.2.3 Preparation of HA Solutions 
~ .. 
3.1.2.3.1 Preparation of 1000 ppm (w.v) HA stock solution 
Into a 1000 cm3 volumetric flask 1 g of purified HA was weighed out, to which 
approximately 900 cm3 of solvent were added. The HA was then dissolved by 
adding NaOH. The pH was then checked and readjusted to the desired pH, before 
being made up to the mark with solvent. 
3.1.2.3.2 Preparation of HA sub-stocks 
To prepare HA substocks from the 1000 ppm (w.v) stock, the following calculation 
was used: 
Desired HA opm x 500 = cm3 of stock solution Into 500 cm3 (xvii) 
1000 
i.e. for a 100 ppm (w.v) solution: 100 x 500 = 50 cm3 of stock solution into a 500 
1000 
cm3 volumetric flask, made up to the mark with the solvent being used. 
3.1.2.4 MES Preparation 
MES buffer, which has a pH buffer range of 5.5 - 6.7, was prepared at a 
concentration of 0.1 mol dm-3 and at pH 6. 21.33 g of MES (RMM 213.25) were 
weighed out into a 1000 cm3 volumetriC flask. 900 cm3 of DI H20 were then added 
and the sample sonicated until the MES had dissolved. The pH (which was at 
approximately pH 3.6) was then adjusted to pH 6 using 10 mol dm-3 NaOH. The 
sample was then made up to the correct volume using DI H20. 
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3.2 Metal-HA Interactions 
In this section of work, SSNMR spectroscopy and IR spectroscopy were used. 
Samples were all prepared in DI H20 and adjusted to pH 6. 
The HA sample was x2 purified HA (section 3.1.2.2) with no further treatment. 
The HA-Eu, HA-Cd, HA-Sr, HA-Zn, HA-ca, HA-Cu, HA-Ce and HA-Ba samples were 
prepared by dissolving 0.1g of x2 purified HA into DI H20 and adjusting the pH to 
6. 0.02g of metal nitrate were added before the pH was readjusted to pH 6. The 
flocculated HA was filtered and dried in a desslcator. 
All samples were left to dry in a dessicator for at least 336 hr. The sample was 
then transferred to a 2.5 mm NMR-MAS rotor, before analysis using SSNMR 
spectroscopy. The same samples were also analysed by KBr IR spectroscopy. 
3.3 Ternary Complexes of Metal, HA and 
Carbonate 
Ternary complexes were investigated using zeta potential measurements, SSNMR 
spectroscopy, XRD and HPSEC. 
3.3.1 Zeta Potential Measurements 
Samples were mixed thoroughly before injection using disposable syringes; any 
bubbles in the syringe were also removed before injection. Results were mean 
results of 5 replicate measurements, which were then used to calculate the error 
bars as the results furthest away from the mean value. Since HA tends to coat 
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surfaces a cleaning method for the Zetamaster was devised so that residual HA 
did not interfere with results. This involved washing with DI H20, followed by a 
washing of dilute NaOH solution, followed by a thorough washing of 01 H20. This 
was shown to work since the zeta potential of the standard zeta potential solution 
(a solution which had a zeta potential of - 50 mV) did not change after HA zeta 
potential measurements had been made. 
During this work both zeta potential and absorbance at a known wavelength (210 
nm or 254 nm - the wavelength used is given during the work) was measured. 
Each result given as the absorbance result was the mean of five replicates 
measured for each sample. Where samples were filtered Sartorius Minisart (0.22 
I-Im) single use filter units were used. The first 2 cm3 were disposed of to ensure 
saturation of the filter before measurements were made on the sample. 
HA was used as in its purified form as in section 3.1.2.2. Metal nitrates were used 
as bought and NaHC03 was used as bought. Samples were prepared in MES buffer 
(section 3.1.2.4). 
In this set of experiments five metal nitrates were studied Ni, Eu, Cd, Ce and AI. 
Experiments were prepared to study the interaction of the metal with HA in the 
presence of NaHC03. Samples were also prepared in the presence of NaCl to 
investigate the effect of adding Na into the system. 
The first experiment was conducted to investigate the effect of increasing HA 
concentration on the zeta potential results. Samples were prepared to contain: 5, 
10, 15, 10, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90 and 100 ppm (w.v) HA. 
Samples were prepared using a 1000 ppm (w.v) HA stock prepared in MES buffer 
(section 3.1.2.3). 
During this work the terms NaCI 1, NaCI 2, NaHC03 1 and NaHC03 2 were used. 
NaCI 1 and NaHC03 1 referred to an 8 x 10-3 mol dm-3 ligand concentration, whilst 
NaCI 2 and NaHC03 2 referred to a 1 x 10-2 mol dm-3 ligand concentration. 
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All samples were prepared using the following recipe: 
10 cm3 HA (if using) 
10 cm3 metal stock (if using) 
2 cm3 additional ligand (NaCI or NaHC03 at the required concentration) 
MES buffer to make the sample up to 22 cm3• 
Therefore 100 ppm (w.v) HA was prepared to give a 45.5 ppm (w.v) HA 
concentration in the vial. The following additional ligand concentrations were 
prepared: 0.11 mol dm-3 NaCI solution (to give NaCl1 in the vial), 0.088 mol dm-3 
NaCI solution (to give NaCI 2 in the vial), 0.11 mol dm-3 NaHC03 (to give NaHC03 
1 in the vial), and a 0.088 mol dm-3 NaHC03 solution (to give NaHC03 1 in the 
vial), 
HA control samples were prepared by following the instructions given in table 1. 
Metal control samples were prepared by following the instructions given in table 2 
and table 3. HA-metal samples were then prepared in the presence and absence 
of NaCI and NaHC03 by following table 4 and table 5. All samples were prepared 
in MES buffer at pH 6. After preparation samples were mixed thoroughly and were 
left to equilibrate for 336 h prior to analysis. Where M is stated this refers to a 
range of metal concentrations which are detailed more clearly within the relevant 
table. A stock solution at 2.2x, the highest concentration of metal, was prepared 
and, from this, serial dilutions were performed to prepare the remaining stock 
concentrations. X indicates a required component. 
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Table 1: Details on how to prepare HA control samples for zeta potential 
measurements 
Sample ID 10anJ 2an3 2anJ 2anJ 2anJ 
looppm 0.11 mol 0.088 mol dm-3 0.11 mol dm-3 0.088 mol dm-3 
(w.v) HA dm-3 NaO NaO NaHC03 NaHC03 
HA x 
HA+Na01 x x 
HA+Na02 x x 
HA + NaHC03 1 x x 
HA + NaHC03 2 x x 
Table 2: Details on how to prepare M control samples for zeta potential measurements 
lOan' 2 an' 2 an' 0.088 2 an' 2 an' MES 
M stock 0.11 mol moldm-3 0.11 mol dm-3 0.088 mol dm-
dm-3 NaO NaO NaHC0 3 3 NaHC03 
M x 12 an' 
M+Na01 x x lOan' 
M+Na02 x x lOan' 
M + NaHC03 1 x x 10 em' 
M + NaHC03 2 x x lOan' 
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MES 
12 cm' 
lOan' 
lOan' 
10 em' 
10 em' 
Table 3: Metal concentrations Investigated for the zeta potential M control samples 
Metal Concentration 1 Concentration 2 Concentration 3 Concentration 4 Concentration 5 
Eu 1 x 10-' 5 X 10'" 1 X 10'" 5 x 10-' 1 x 10-' 
Eu(N03)3.5HzO Prepared a 2.2 x 10-3 mol dm-3 stock. 50 cm3 concentration 1 10 cm3 concentration 1 5 cm3 concentration 1 1 cm3 concentration 1 
RMM = 428.06 I.e. 0.942 9 In 1000 cm3 In every 100 cm3 In every 100 cm) In every 100 cm) In every 100 cm) 
required required required required 
Cd 9.09 x 10-' 9.09 X 10'" 9.09 x 10-' 9.09 x 10" 
Cd(NO)z.4HzO Prepared a 2 x lO-z mol dm-) stock. 1 cm) concentration 1 In 1 cm) concentration 1 In 1 cm) concentration 1 
RMM = 308.48 I.e. 6.170 gin 1000 cm) every 10 cm) required every 100 cm) required in every 1000 cm) 
I 
required 
Ce 9.09 x 10-' 9.09 X 10'" 9.09 x 10-' 9.09 x 10" 
Ce(NO)).6H2O Prepared a 2 x lO-z mol dm-) stock. 1 cm) concentration 1 In 1 cm) concentration lln 1 cm3 concentration 1 
RMM = 434.22 I.e. 8.684 9 in 1000 cm) every 10 cm)required every 100 cm) required in every 1000 cm3 
required 
AI 9.09 x 10-' 9.09 x 10'" 9.09 x 10-' 9.09 x 10" 
AI(N03h·9H2O Prepared a 2 x 10-2 mol dm-3 stock. 1 cm3 concentration 1 in 1 cm3 concentration lin 1 cm] concentration 1 
RMM = 375.13 I.e. 7.503 9 In 1000 cm3 every 10 cm3 required every 100 cm) required in every 1000 cm3 
required 
Ni 4.55 x 10-' 2.77 X 10-> 4.55 X 10'" 2.77 X 10'" 
Ni(NO)h·6Hp Prepared a 1 x 10-3 mol dm-3 stock. 5 cm3 concentration 1 in 1 cm3 concentration 1 in 5 cm3 concentration 1 
RMM = 290.79 i.e. 2.908 9 in 1000 cm] every 10 cm) required every 10 cm) required in every 100 cm3 
required 
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Table 4: Details on the prepared HA control samples for zeta potential measurements 
Sample ID 10 on' 100ppm 10 cm' M stock 2 cm' 2 on' 2 on' 2 on' ME5 
(w.v) HA 0.11 mol dm'3 NaO 0.088 mol dm,3 NaO 0.11 mol dm'3 NaHC03 0.088 mol dm'3 NaHC03 
HA+M x x 20nJ 
HA+ M+ NaO 1 x x x 
HA+M+NaC2 x x x 
HA + M + NaHC03 1 x x x 
HA + M + NaHC03 2 x x x 
Table 5: Metal Concentrations for all HA-M systems measured by zeta potential 
M COncentration range Highest concentration COncentration prepared (mol dm") 
Investigated (mol dm'3) (mol dm'3) (2.2 times the concentration reqUired for 
use In serial dilutions) 
Eu 5 x 10'J - 1 x 10" 5 x 10" 1.1 x 10'· 
Na 1-1 x 10'· 1 2.2 
Cd 9.09 x 10" - 1.82 x 10" 9.09 X 10" 2.0 x 10" 
Ce 9.09 X 10" - 1.82 x 10'· 9.09 X 10" 2.0 x 10" 
AI 9.09 x 10" - 1.82 x 10'· 9.09 X 10" 2.0 x 10" 
Ni 4.55 x 10" - 2.27 X 10" 4.55 X 10" 1 x 10" 
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3.3.2 SSNMR Spectroscopy 
In all of this work a 13C Na2C03 sample was used. 
The Cd-Na2C03 and Ce-Na2C03 samples were prepared by dissolving 0.1 g of 
metal nitrate Into DI H20 at pH 6, 0.02 g of 13C Na2CDJ (purchased from Aldrich) 
were added and the pH re-adjusted to pH 6 using sodium chloride and 
hydrochloric acid. The samples were left to precipitate, then filtered and left in a 
dessicator until dry. 
The Na2CDJ sample was prepared by dissolving 0.1 g of Na2C03 in deionised water 
and adjusting to pH 6. The sample was left to dry in a dessicator and the pH was 
maintained during this time. 
The HA-Na2C03 sample was prepared as for the HA-metal samples, by dissolving 
0.1 g HA into DI H20 and adding 0.02 g of Na2CDJ and adjusting at pH 6. The 
sample did not f10cculate out of solution therefore, the sample was left In a 
dessicator to dry which took over 2 months. 
The HA-Cd-Na2C03 and the HA-<:e-Na2C03 samples were prepared by dissolving 
0.1 g HA into DI H20 and adding 0.02 g metal nitrate and 0.02 g of sodium 
carbonate and adjusting to pH 6. The f10cculated out HA material was filtered and 
dried In a dessicator before analysis. 
3.3.3 XRD on Powder Samples 
The HA sample was used as the x2 purified HA (section 3.1.2.2). The samples 
were prepared as in table 6 by dissolving the given amounts in DI H20 and leaving 
in a desslcator until samples were dry. The samples were ground thoroughly using 
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a pestle and mortar before being mounted on a silicon wafer (Aldrich) for analysis. 
All samples were run with the kind help of Jenna Crisp. 
Table 6: Preparing samples for XRD analysis 
Sample HA Cd(N03h Na,C03 
carbonate 19 
Cd<arbonate IQ IQ 
HA-Cd 19 0.2g 
HA-Cd<arbonate 19 0.2 g 0.2g 
3.3.4 HPSEC 
All samples were prepared in 0.05 % NaCl, which was also the mobile phase used. 
Unless otherwise indicated the HA used was x2 purified Aldrich sodium humate 
(purified as in section 3.1.2.2). 
HA samples were prepared as In section 3.1.2.3; NaND3 samples were prepared in 
a range of concentrations from 1 x 10.1 - 1 X 10-8 mol dm-3 by serial dilutions from 
a 0.1 mol dm-3 stock solution. 1,2,3-benzenetricarboxyllc acid solutions were 
prepared from a 100 ppm (w.v) stock solution. 
All samples were prepared In clean polypropylene vials. All samples were filtered 
using (Minisart SRP 15 - 0.21lm single use syringe filters) before injection. A flow 
rate of 0.75 cm3 min-1 was used unless otherwise stated. A wavelength of 210 nm 
was used during the absorbance measurements. 
3.4 Aqueous Versus Solid HA 
A comparison of stability constants between HA(aqueous) and a flocculated out 
HA(solid) was undertaken for ca and Eu. 
45 
3.4.1 Aqueous HA Experiments 
Samples were prepared In clean 20 cm3 polypropylene sample vials. 
Dowex - 88 ion exchange resin (cation exchange resin) was bought from Aldrich 
and was converted to the sodium form before use by the following method. 100 g 
of resin were weighed out and washed by the following method: 
200 cm3 DI H20 at a flow rate of approximately 20 cm3 min-1 
500 cm3 DI H20 at a flow rate of approximately 1.6 cm3 min-1 
500 cm3 0.1 mol dm-3 NaCI at a flow rate of approximately 1.6 cm3 min-1 
200 cm3 DI H20 at a flow rate of approximately 20 cm3 min-1 
500 cm3 DI H20 at a flow rate of approximately 1.6 cm3 min-1 
The resin was then left in a dessicator until dry. 
0.01 g of resin were then weighed into each vial (acceptable resin weights were 
0.0100 - 0.0109 g). Samples were prepared over a HA concentration range of 25 -
500 mol dm-3 and only a metal spike concentration of active metal stock was used 
for both ca and Eu. 
From a 1000 ppm (w.v) HA stock prepared in DI H20 (section 3.1.2.3.1) and the 
method detailed in section 3.1.2.3.2, the following HA concentrations were 
prepared for the ca experiments: 800, 600,400,200, 100 and 50 ppm (w.v) and 
for the Eu experiments: 1000, 600, 400, 200, 100, 150 and 50 ppm (w.v). 
Samples were prepared at pH 6 in DI H20. 
Metal stocks were prepared by adding the metal spike to DI H20 and adjusting to 
pH 6. 
Samples were prepared by adding 10 cm3 of HA solution at the required 
concentration (2 times the concentration required in the vial) and then 10 cm3 of 
the metal stock solution. Samples were then pH adjusted to pH 6. After 24 hours 
46 
the pH was then checked and readjusted where required and then left to 
equilibrate for 672 hr. 
Samples were required at 5 - 100 ppm (w.v) HA concentration for a HA calibration 
graph. From a 1000 ppm (w.v) HA stock prepared in DI H20 (section 3.1.2.3.1) 
and the method detailed in section 3.1.2.3.2, the following HA concentrations 
were prepared: 100, 90, 80, 70, 60, 50, 40, 30, 20, 10 and 5 ppm (w.v). The 
samples were adjusted to pH 6 before analysis. 
Metal control samples were also required. Two sets were required, one with resin 
and one without. The samples with resin were prepared by weighing 0.01 g 
Dowex resin Into clean vials, 10 cm3 of DI H20 (which had been previously 
adjusted to pH 6) were added followed by 10 cm3 of the metal stock solution. The 
samples were adjusted to pH 6 and, after 24 hours, the pH was then checked and 
readjusted where required. Eu experiments were allowed to equilibrate for 672 hr, 
two sets of Ca experiments were prepared and one set was left to equilibrate for 
336 h and the other left to equilibrate for 672 hr. 
The CPM, pH and absorbance at 500 nm were measured for each sample. 
Measurements were made after leaving the samples to settle for 30 min to 
remove the need for using a filter, since the resin had settled at the bottom of the 
vial after this time. 
3.4.2 Solid HA Experiments 
Samples were prepared in clean 20 cm3 polypropylene vials. The x2 purified HA 
(sectlon 36) was finely ground using a pestle and mortar before use. HA was 
weighed out into the vials at 5 concentrations, 0.01 (0.0100 - 0.0109 g), 0.02 
(0.0200 - 0.0209 g), 0.03 (0.0300 - 0.0309 g), 0.04 (0.0400 - 0.0409 g) and 0.05 
g (0.0500 - 0.0509 g). 
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Metal stock solutions were prepared for the ca experimental work as defined in 
table 7 and for the Eu experimental work in table 8. caCI2 and EuCh were used 
during the course of this work since the active metal stocks were in the Cl form. 
Table 7: Preparation of ca Solutions for HA(solld)-ca experiments 
ca Concentration (mol dm-') Inactive caa2.2H20 added(RMM: 147.01) per 
1000 cm3 
1 x 10-' 1.4701 Q 
1 x 10-' 0.1470 g 
1 x 10'" 0.0147g 
1 x 10-' 1 cm' of 1 x 10 mol dm-' stock + 9 cm' DI 
H20 for every 10 cm3 solution required 
Just Counts None 
Table 8: Preparation of Eu Solutions for HA(solld)-Eu experiments 
Eu Concentration (mol dm-') Inactive Eu(N03h.6H2O 
added(RMM:366.41 ) per 1000 cm3 
1 x 10-' 3.6641 9 
1 x 10-' 0.3664 9 
8 x 10-' 8 cm' of 1 x 10-' mol dm-' stock +2 cm' 
DI H20 for every 10 cm3 solution required 
2 x 10-' 2 cm' of 1 x 10-' mol dm-' stock +8 cm' 
01 HP for every 10 cm3 solution required 
5 x 10'" 5 cm' of 1 x 10-' mol dm-' stock + 5 cm' 
DI H20 for every 10 cm3 solution required 
2 x 10'" 2 cm' of 1 x 10-' mol dm-' stock + 8 cm' 
01 H20 for every 10 cm3 solution required 
1 x 10'" 0.0366 9 
1 x 10-' 1 cm' of 1 x 10'" mol dm-' stock + 9 cm' 
01 H20 for every 10 cm3 solution required 
Just Counts (at concentration of None 
metal stock) 
To all ca and Eu metal stock solutions metal spike was added and the stocks were 
then adjusted to pH 6. 
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Samples were prepared by adding the required metal stock to the 5 different HA 
concentrations previously weighed out. Samples were pH adjusted immediately 
and, after 24 hours, the pH was checked and readjusted where needed. Samples 
were then left to equilibrate for 672 h for the Eu sample set and for the Ca sample 
set 2 equilibration times were Investigated - 336 and 672 hr. 
The cpm, pH and absorbance at 500 nm of each sample was measured. 
Measurements were made after leaving the samples to settle for 30 min to 
remove the need for using a filter since the HA(solid) had settled to the bottom of 
the vial after this time. 
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Chapter 4 Investigating M-HA 
Interactions 
M-HA interactions were investigated using SSNMR and IR spectroscopy. This work 
aims to explore which of the functional groups on the HA molecule metals 
complex to. Previous work, as discussed within the literature review, agrees that 
metals bind to C=O functional groups but provides conflicting views as to whether 
metals bind to OH functional groups. There is little evidence to support metal 
binding to nitrogen containing functional groups e.g. NH2 groups. Due to the 
number of metals and experimental conditions which are available for 
investigation, modelling metal-HA interactions is becoming more important. 5 For 
modelling to be accurate it is important for as much to be known about metal-HA 
binding as possible. 
This section is separated into two sections, section 4.1 discusses the SSNMR 
spectroscopy work and section 4.2 discusses the IR spectroscopy work. 
4.1 SSNMR Spectroscopy 
4.1.1 Control Experiments 
4.1.1.1 KBr 
To ensure that the SSNMR spectrometer was operating at the magic angle, a KBr 
sample was used. At a low spinning speed, KBr gives a series of SSB's that cover 
the full available spectral width (figure 9). 79Br is 50.69 % naturally abundant, and 
was sensitive enough to require just a single scan (in order to provide a spectrum 
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with acceptable signal-to-noise), measurement and relaxation is fast, so relaxation 
delays are short, and the spectral frequency of was close to 13C. The CSA is 
refocused at the MAS rate and appears as periodic spikes in the AD. These series 
of spikes subsequently appear In the spectrum as SSBs separated by the spinning 
speed. These SSBs are most intense when the rotor is set at exactly the magic 
angle. Therefore, periodic recalibration using the KBr sample ensures that the 
spectrometer was operating at the magic angle • 
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Figure 9: "Br MAS SSNMR Spectrum of KBr, spinning at 3 kHz, set at the magic angle 
using the SSB's as a guide 
4.1.1.2 Glycine 
Glycine (a simple amino acid) was used to observe the effects of different pulse 
programmes and for optlmising parameters, since it contains functional groups 
that are expected to be present in a HA sample. The chemical structure of glycine 
(figure 10) has two distinct 13C environments and one 15N environment. 
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Figure 10: Structure of Glydne 
The 13C CPMAS NMR spectrum obtained at a spinning speed of 6 kHz (figure 11) 
showed two distinct carbon environments, the peak on the right-hand side of the 
spectrum was assigned to the CH2 group, whilst the peak on the left-hand side of 
the spectrum was assigned to the COOH group • 
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Figure 11: 13C SSNMR spectrum of a glydne sample using - CPMAS, 6 kHz, dl = 10 s, 
ns=8 
The effect of dipolar dephasing on the glycine sample was studied using a 
parameter incrementation routine. Six experiments were performed with delays 
(02 (see theory section 2.1 for further details)) of 2 IJs, 10 IJS, 20 IJS, 30 IJs, 40 
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J.ls and 50 J.lS and a comparison can be seen in figure 12. Increasing the delay 
time has the effect of reducing the peak Intensity of signals that couple strongly to 
protons, which, in the case, of the glycine sample was the peak on the right-hand 
side of the spectrum assigned to the CH2 functional group. A quaternary 13C signal 
such as C=O Is not directly attached to protons, and therefore does not exhibit 
strong dipole-coupling - thus the effect of dipolar dephasing on the signal was 
negligible at these short 02 values. Therefore, in the glycine sample, it was the 
peak on the right-hand side of the spectrum which was affected by dipolar 
dephasing. A 2 J.lS delay before the proton decoupling was turned on had the 
effect of decreasing the peak Intensity when compared with the peak intensity 
with a 0 J.lS delay (figure 12); the peak Intensity was further decreased with a 
delay of 10 J.lS and 20 J.ls. For all other delay times the peak on the right hand side 
of the spectrum was removed from the spectrum. 
Since the glycine sample was relatively fast to analyse, taking only a few minutes, 
it acted as an Ideal control sample. Therefore, the glycine sample was analysed 
prior to every sample run (or set of samples run) to ensure that the equipment 
was performing correctly. 
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Figure 12: Uc Dipolar dephaslng experiment on a glydne sample using d2 =0 - 50 JJs, uslng-CP, 6 kHz, d1 = 105, ns = 8 
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4.1.2 Investigating HA 
The nature of glycine Is very well known and optimum measurement parameters 
are well known and easily obtained. In contrast HA is a complex material and 
poorly characterised - thus some of the NMR parameters were modified to allow 
all 13C signals to be observed, as relaxation can be very long for some 13C. Using 
the experimental parameters previously used for analysis of the glycine sample 
(section 4.1.1.2) the first HA sample was analysed, and the spectrum can be seen 
In figure 13. For analysis of the HA sample a delay of 360 s was used (for glycine 
a delay of 10 s was used), to ensure complete relaxation before the next pulse, 
also an Increase In the number of scans was applied. 
Figure 13: InvestigaUng a HA sample by SSNMR using - 13C, CPMAS, d1 = 360 s, ns 
=832 
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HA is a complicated material that has many hundreds or even thousands, of 
different 13e sites and broad features dominate the 13e spectrum. The broad 
signals are not believed to be due to each individual 13e site producing a broad 
Signal, but due to a large number of narrow signals from many similar 13e 
environments combining to produce broad features. This experiment was repeated 
using a delay of 10 sand 2244 scans, and the resulting spectrum can be seen in 
figure 14. 
F-----·--'--·---------·-- --.--------------.-- -----.- .. -----
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Figure 14: Investigating a HA sample by SSNMR using - UC, CPMAS with TOSS_B, dl = 
105, ns =2424 
The significantly shorter relaxation delay had no negative effect on the NMR 
spectrum. The improved signal to noise due to acquiring more scans resulted in 
broad features being observable from 250 ppm to 10 ppm. Therefore, for further 
experiments it was felt that a delay of 10 s was acceptable. 
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4.1.2.1 Assignment of Peaks in llC SSNMR Spectrum 
of HA 
Assignment of the peaks obtained in NMR spectra of HS's was very difficult due to 
their broad and unresolved nature. Although general functional group assignments 
are possible using standard l3C shifts. 
Conte et al.22 separated the spectra Into six categories which are listed below 
along with their functional group assignment: 
o - 45 ppm - carbons In alkyl structures 
45 - 70 ppm - carbon bound to nitrogen I.e. amino aCids and peptides but also 
methoxy groups 
70 - 105 ppm - carbon bound to oxygen in carbohydrates or polysaccharides 
105 -140 ppm - carbons in aromatic systems 
140 -160 ppm - carbons in phenolic structures 
160 - 200 ppm - carbons in carboxylic and amide groups. 
Conte et al,22 showed spectra of humiC material with peaks at 217, 173, 152, 127, 
100, 72, 53 and 26 ppm. The chemical shifts obtained show a considerable 
number of similarities to those seen In the HA that was studied here. Differences 
were expected since Conte et al.22 investigated volcanic soils in Italy. Similarities 
were also found with the work of Adonl et al.10l who Identified peaks at 173, 152, 
128, 115, 71, 56 and 30 ppm. 
Cook et al.36, Dal et al:13, Guggenberger et al.102 and Khalaf et al.103 also 
separated the chemical shifts into a number of categories and showed 
considerable similarities to those described by Conte et al.22 • 
Khalaf et al.103 divided the chemical shifts into six categories, which are shown 
below along with the corresponding functional group assignment: 
o - 45 ppm - alkyl carbon 
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45 - 110 ppm - o-alkyl carbon 
110 - 160 ppm - aromatic carbon 
140 - 160 ppm - phenolic carbon 
160 - 185 ppm - carboxyl carbon 
185 - 220 ppm - carbonyl carbon. 
General functional group assignments were applied to figure 15 by combining 
assignments given by Conte et alY and Khalaf et al.10) the following general 
functional group assignments were made: 
o - 45 ppm - alkyl carbon 
45 - 70 ppm - carbon bound to nitrogen 
70 - 105 ppm - carbon bound to oxygen 
105 -140 ppm - carbon In aromatic structures 
140 - 160 ppm - phenolic carbon 
160 - 185 ppm - carboxyl carbon 
185 - 220 ppm - carbonyl carbon. 
The label given to each NMR spectral region is thought to be representative of 
only the dominant form of carbon which is present in that region. Undoubtedly 
other types of carbon will be present in each region. 
There has been some discussion as to the reliability of quantitative analysis of 
NMR spectra obtained on HSs. Monteil-Rivera et al.104 Investigated these and 
found, that due to the overlap of carbons present in the other functional groups in 
each chemical shift region, quantitative analysis using SSNMR did not give the 
same results as the quantitative results from X-ray photoelectron spectroscopy. 
They concluded that overestimation of carboxylic acid functional groups was due 
to an overlap of amide group signals. They found that the phenolic group 
concentration was in reasonable agreement with the results obtained from the 
chemical analyses. This did not directly affect this work since it was a qualitative 
comparison applied. 
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4.1.2.2 CPMAS 13C Dipolar Dephasing NMR on HA 
From the dipolar dephasing work carried out on glycine (figure 12) two delays 
were selected for dipolar dephasing experiments on HA. The chosen delays were 
40 I.Is (figure 16) and 50 1.15 (figure 17). Any delay above 20 1.15 could have been 
used, since this is where the glycine peak associated with protons had been 
removed from the spectrum. 
- ------------------------- --------- ---- -------------------------------
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Figure 16: Dipolar dephaslng experiment on HA using D2 = 40 115 using _13C CPMAS, 6 
kHz, ns = 2424 
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Figure 17: Dipolar dephaslng experiment on HA using D2 :::: 50 115 using - 13C CPMAS, 6 
kHz, ns :::: 2424 
Both dipolar dephased spectra are comparable and showed no significant effects 
from changing the delay from 40 to 50 !-Is. The dipolar dephasing experiments are 
intended to show which carbons are directly attached to protons as it is these 
signals which are affected. Therefore, comparison with the previously obtained 
CPMAS 13C NMR spectrum (figure 14) illustrated the peaks where the carbons 
present in the HA molecule are associated with protons, which are on the right 
hand side of the spectrum. The general functional group assignments which 
showed peak intensity loss due to the dipolar dephasing experiments are those in 
the groups: alkyl carbon, carbon bound to oxygen and carbon bound to nitrogen. 
Until this point, all SSNMR spectra presented were obtained using the 4mm probe. 
Unfortunately the 4mm probe was broken so the only option was to use the 2.5 
mm probe. Since the results until now have been a contained section comparable 
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with only each other, it was not deemed necessary to repeat this work. The 
smaller diameter of the 2.5 mm MAS rotor enabled it to be spun safely at 35 kHz 
compared to a maximum of 15 kHz with the 4 mm MAS rotor. This allowed greater 
averaging of large dipolar couplings (strong lH ._lH couplings) causing narrower 
NMR spectra. The narrower coil around the 2.5 mm rotor enhanced pulse 
performance and improved the decoupling field available and shimming was more 
homogeneous over the whole sample. The reason the 4 mm probe was originally 
selected was that the 4mm rotors held a larger sample volume and therefore, it 
was thought this would allow good SIN to be obtained relatively quickly. 
4.1.2.3 lH DPofHA 
The lH DP of HA at 4 kHz, 15 kHz and 25 kHz were recorded (figure 18). At a 
spinning speed of 4 kHz there was one broad peak which was resolved into two 
peaks at a spinning speed of 15 kHz, and these two peaks became further 
resolved at a spinning speed of 25 kHz. The Increased spinning speed removed 
the effect of CSA and reduced proton dipole-dipole couplings. Two peaks would 
normally suggest two different lH enVironments, however, with a HA sample it 
was very unlikely for this to be the case. The broadness of the lines obtained due 
to so many different proton environments gave little information from the lH 
spectra. Proton-proton dipolar couplings were large - up to 30,000 Hz - which 
compares to the 0 - 10 ppm lH chemical shift range of 5,000 Hz (at 500 MHz) -
thus these large couplings cannot be removed by spinning at 25 kHz. 
Theoretically, spinning speeds of over 250 kHz would be required to provide well 
resolved lH NMR spectra. 
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Figure 18: Analysis of a HA sample by 1H SSNMR, analysis carried out at spinning 
speeds of 4, 15 and 25 kHz 
4.1.2.4 13C CPMAS of HA 
A 13C CPMAS NMR spectra of the HA sample was obtained at a spinning rate of 15 
kHz and peaks were fitted to the spectrum (figure 19, table a.1). The next step 
was to record the 13C SSNMR spectra of the following samples: HA-Cd, HA-Ce, HA-
ca, HA-Cu, HA-Ba, HA-Sr, HA-Zn and HA-Eu. All spectra were peak fitted and the 
resulting data compared to that which was obtained for the HA spectrum (figure 
19, table a.1). This comparison allowed more information to be gathered on metal 
binding to HA. 
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Figure 19: Analysis of a HA sample by Uc SSNMR, spectrum has undergone peak 
fitting. Experimental parameters: CPMAS, 15 kHz, dl = 10 s 
4.1.3 Investigating HA-Cd 
4.1.3.1 1H DP MAS SSNMR ofa HA-Cd Sample 
A lH spectrum of a HA-cct sample was obtained at a spinning speed of 25 kHz. A 
comparison with the corresponding HA spectrum (figure 18) can be seen in figure 
20. Two peaks were present in the HA-Cd sample, although they were not as 
clearly resolved or as broad as they were in the HA sample. Since very little 
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information can be gathered from the lH SSNMR spectra due to the broad peaks, 
it was deemed unnecessary to record the lH spectra for all other metals studied • 
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Figure 20: A comparison of the lH DP SSNMR spectra obtained from a HA sample (top 
specbum) and a HA-Cd sample (bottom specbum) 
4.1.3.2 13C CPMAS SSNMR of a HA-Cd Sample 
A 13C SSNMR spectrum of the HA-Cd sample was obtained at a spinning speed of 
15 kHz. This spinning speed was fast enough to significantly reduce the lH_13C 
dipolar couplings and also to move and SSBs away from the signals of interest. 
The spectrum was peak fitted and the resulting spectrum can be seen in figure 21. 
The corresponding peak information can be seen in table a.2. 
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Figure 21: Uc SSNMR analysis of a HA-Cd sample using: CPMAS, 15 kHz, dl=10s 
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On the 13C spectrum chemical shifts between 0 - 45 ppm are categorised as being 
alkyl carbon (section 4.1.2.1). Due to the complexity of the HA molecule and 
therefore, the corresponding spectrum, peak fitting in this region was inaccurate. 
Therefore, the comparison of the HA-metal spectra with the HA spectrum only 
occurred at ;:= 45 ppm. 
The compared peak fit data obtained from 13C CPMAS SSNMR spectroscopy of the 
HA and HA-Cd samples can be seen in table 9. The HA spectrum has been 
separated into the sections explained in chapter 4.1.2.1, which are shown in the 
left hand column of table 9. Each peak in the HA spectrum (given by the peak 
fitting programme), was classified Into one of these functional group categories, 
and the chemical shift of these peaks shown in column 2. Column 3 shows the 
same information but for the HA-cd spectrum. 
Table 9: Uc SSNMR peak fit data for a HA sample and a HA-Cd sample 
Functional group category HA6ppm HA-Cd6ppm 
carbon bound to nitrogen 52.177 51.334 
carbon bound to oxygen 78.001 77.348 
carbon In aromatic structures 111.618 130.801 
phenolic carbon 152.753 152.2 
carboxYl carbon 172.207 180.891 
carbonyl carbon 202.852 206.347 
> 220ppm 242.586 
From table 9 it can be seen that no significant (as determined In section 4.1.3.3) 
chemical shift differences were observed between the HA and HA-Cd spectra for 
the following functional groups: carbon bound to nitrogen, carbon bound to 
oxygen and carbon bound to phenolic functional groups. In the aromatic carbon 
functional group range, 2 peaks were observed in the HA spectrum at chemical 
shifts 112 and 129 ppm. In the HA-Cd spectrum only one peak was seen at 131 
ppm. In the carboxyl carbon and carbonyl carbon functional group categories 
significant peak shifts were seen from 172 and 203 ppm in the HA spectrum to 
181 and 206 ppm in the HA-Cd spectrum. Also note that the very broad peak seen 
in the HA spectrum at 243 ppm was not observed in the HA-Cd spectrum. This 
peak may simply be lost In the baseline. Since it was not imperative to this work 
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to investigate this peak, as it did not fit into the chemical shift range of interest, 
no further work was carried out. 
The chemical shift differences observed in the aromatiC carbon, carboxyl carbon 
and carbonyl carbon functional groups, signified that it was to these functional 
groups the cadmium is binding. This will be further discussed in section 4.3.1. 
4.1.3.3 13C CPMAS SSNMR of a HA-Cd(2) Sample 
A further HA-Cd sample was prepared separately from the first sample. A 
spectrum of 13C CPMAS of the HA-Cd(2) sample was obtained at a spinning speed 
of 15 kHz. The spectrum was peak fitted and the resulting spectrum can be seen 
in figure 22. The corresponding peak information can be seen in table a.3 • 
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Figure 22: 13C SSNMR analysis of a HA-Cd(2) sample using: CPMAS, 15 kHz, dl=10s 
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Table 10 compares the peak fit chemical shift data obtained for the HA-Cd and 
HA-Cd(2) samples, although the spectra are not shown here the samples were 
analysed twice. Since all results were within 2 ppm of each other this provided the 
error on each spectrum. This in turn allowed a significant chemical shift difference 
to be determined. Therefore in all work discussed in this section a chemical shift 
difference of > 2 ppm will be considered significant. 
Table 10: Uc SSNMR peak fit data for HA-Cd and HA-Cd(2) 
Functional group category HA-Cd-1 HA-Cd-2 HA-Cd(2)-1 HA-Cd(2)-2 
iJppm iJppm iJppm iJppm 
carbon bound to nitrogen 51.334 52.681 52.244 51.982 
carbon bound to oxygen 77.348 77.784 77.448 76.927 
carbon in aromatic structures 130.801 129.083 129.326 131.125 
phenolic carbon 152.200 153.117 154.412 153.448 
carboxyl carbon 180.891 179.362 178.679 179.356 
carbonyl carbon 206.347 205.273 205.666 206.191 
4.1.3.4 13C SSNMR of a HA+Cd sample (ground 
together) 
A HA and Cd sample which had been ground together was prepared and the 13C 
CPMAS NMR spectrum obtained (figure 23). This sample was analysed to ensure 
that the chemical shift differences observed in the HA-Cd spectra analysed were 
due to metal binding to the HA, not just due to the presence of the metal cation 
being in close proximity to the HA molecule. The full peak fit information can be 
seen in table a.3. A comparison of the peak fit chemical shifts obtained from the 
HA spectrum and the HA+Cd(ground) spectrum can be seen in table aA. 
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FIgure 23: Uc SSNMR spectrum of a HA+Cd (ground) sample using: CPMAS, 15 kHz, 
dl=10s, spectrum was peak fitted 
Table 11: Uc 5SNMR peak fit data for a HA sample and a HA+Cd(ground) sample 
Functionallll'OuP catel/olV HAiSppm HA+Cd{lIl'Ound} is ppm 
carbon bound to nitrogen 52.177 52.545 
carbon bound to oxygen 78.001 76.883 
carbon in aromatic structures 111.618 114.448 
phenolic carbon 152.753 153.621 
carboxyl carbon 172.207 173.697 
carbonvl carbon 202.852 202.031 
> 220 ppm 242.586 247.969 
A comparison of the peak fit information from the HA spectrum and the 
HA+Cd(ground) spectrum showed no significant differences I.e. no differences> 2 
ppm, in all functional group categories. This showed that the presence of Cd In the 
HA+Cd(ground) sample did not alter the spectrum. This confirmed that only the 
complexation of the metal to the HA molecule caused the chemical shift changes 
seen in the HA-Cd spectra. 
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Also note that the relatively small peak observed at 150 ppm in the HA spectrum 
was not present in the second spectrum, nor in a repeated third spectrum (not 
shown). Therefore this peak was probably due to a contaminant in the first HA 
sample and so was not discussed in the comparison work between the HA 
spectrum and the HA-metal spectra. 
The broad peak seen > 220 ppm was observed at 243 ppm in the HA spectrum 
and at 248 ppm in the HA+Cd(ground) spectrum. Due to its very broad nature this 
was not too surprising that the peak was not in an identical position. Since no 
conclusions were being drawn from> 220 ppm, it was not a concern. 
4.1.3.5 113Cd and lH SSNMR of a Cd(N03h Sample and 
a HA-Cd sample 
Since 113Cd is NMR active with a spin quantum number (I)=ltz a 113Cd DP MAS 
spectrum of Cd(N03h was recorded with a spinning speed of 15 kHz and can be 
seen in figure 24. The spectrum showed one peak, therefore one Cd environment 
with a chemical shift of N 100 ppm. 
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Figure 24: 113Cd DP SSNMR spectrum of cadmium nitrate at 15 kHz 
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fppm) 
A lH DP spectrum of the Cd(N03h sample at 15 kHz was also recorded (figure 25) 
which showed one peak with three pairs of SSBs. The presence of protons meant 
that CP from lH to 113Cd was an option. Therefore, the SSB pattern for the 
Cd(N03)2 sample was obtained using CPMAS at a spinning rate of 5 kHz (figure 
26). 
This spectrum and that obtained at a spinning rate of 15 kHz would have been 
used to compare against the 113Cd spectra obtained from a HA-Cd sample. 
Unfortunately there was not enough Cd bound to the HA for a signal (within the 
allowed sample run time) therefore, this spectrum Is not shown • 
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Figure 25: lH SSNMR spectrum obtained at 15 kHz of a cadmium nitrate sample 
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Figure 26: 113Cd CP SSNMR spectrum of cadmium nitrate at 5 kHz 
4.1.4 Investigating HA-Ce 
A 13C CPMAS SSNMR spectrum of the HA-Ce sample at a spinning speed of 15 kHz 
was obtained and peak fitted (figure 27) and the resulting peak fit Information can 
be seen in table a.S. A comparison of the peak fit chemical shifts required for the 
HA and HA-Ce spectra are shown in table 12. 
From table 12 it can be seen that no significant chemical shift differences were 
observed between the HA and HA-Ce spectra for the following functional groups: 
carbon bound to oxygen and carbon in carboxyl functional groups. For all other 
functional groups (carbon bound to nitrogen, aromatic carbon, carbon in carboxyl 
groups, carbon in carboxylic acid functional groups and peaks > 220 ppm) 
differences in the chemical shift values were seen. Also, for both the carbon bound 
to nitrogen and aromatic carbon functional groups, 2 peaks were seen in the HA 
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spectrum, whilst only 1 peak was seen in each functional group range in the HA-
Ce spectrum. These results are discussed in more detail in section 4.3.1 
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Figure 27: 13C SSNMR analysis of a HA-Ce sample using: CPMAS, 15 kHz, dl=10s 
Table 12: 13C SSNMR peak fit data for a HA sample and a HA-Ce sample 
Functional group categOry HAilppm HA-Ceilppm 
carbon bound to nitrogen 52.177 48.832 
carbon bound to oxygen 78.001 78.483 
carbon in aromatic structures 111.618 125.277 
phenolic carbon 152.753 149.845 
carboxyl carbon 172.207 170.38 
carbonyl carbon 202.852 196.416 
> 220 ppm 242.586 . 253.547 
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4.1.5 Investigating HA-Ca 
A 13C CP-MAS spectrum of the HA-ca sample at a spinning speed of 15 kHz was 
obtained and peak fitted (figure 28) and the resulting peak fit information can be 
seen in table a.5. A comparIson of the peak fit chemical shifts required for the HA 
and HA-Ca spectra are shown in table 13 • 
.. 
1~. -'<mm 
Figure 28: 13C SSNMR specbum of a HA-ca sample using - CPMAS, 15 kHz 
Table 13: 13C SSNMR peak fit data for a HA sample and a HA-ca sample 
Functional group category HA6ppm HA-CBIJppm 
carbon bound to nitrogen 52.177 44.949 
carbon bound to OJ<ygen 78.001 68.109 
carbon In aromatic structures 111.618 111.026 
phenolic carbon 152.753 147.012 
carboxyl carbon 172.207 169.38 
carbonyl carbon 202.852 202.016 
> 220 ppm 242.586 247.486 
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Table 13 shows that for all functional group categories apart from carbon in 
carbonyl functional groups, significant differences were observed between the HA 
and HA-Ca chemical shifts. All functional group categories contained the same 
number of peaks. These results are discussed In more detail in section 4.3.1. 
4.1.6 Investigating HA-Cu 
A 13C CP-MAS spectrum of a HA-Cu sample at a spinning speed of 15 kHz was 
obtained and peak fitted (figure 29) and the resulting peak fit information can be 
seen in table a.7. A comparison of the peak fit chemical shifts required for the HA 
and HA-Cu spectra are shown In table 14. 
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Figure 29: Uc SSNMR specbum of a HA-Cu sample usIng - CPMAS, 15 kHz 
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Table 14: 13C SSNMR peak fit data for a HA sample and a HA-Cu sample 
Functional grouD cate!lOIV HAIJDDm HA-CuIJppm 
carbon bound to nitroQen 52.177 49.421 
carbon bound to oxygen 78.001 73.892 
carbon in aromatic structures 111.618 122.248 
phenolic carbon 152.753 142.17 
carboxyl carbon 172.207 167.663 
carbonyl carbon 202.852 201.736 
> 220 ppm 242.586 
From table 14 it can be seen that for all functional group categories apart from 
carbon in carbonyl functional groups, significant differences were observed 
between the HA and HA-Cu chemical shifts. This was the same as for the HA-ca 
comparison with the HA spectrum. Unlike in the HA-Ca spectrum, there were 
different numbers of peaks In each functional group category than were seen In 
the HA spectrum. These results are discussed In more detail in section 4.3.1. 
4.1.7 Investigating HA-Ba 
A 13C CP-MAS spectrum of the HA-Ba sample at a spinning speed of 15 kHz was 
obtained and peak fitted (figure 30). The resulting peak fit information can be 
seen in table a.S. A comparison of the peak fit chemical shifts required for the HA 
and HA-Ba spectra are shown in table 15. 
From table 15 it can be seen that for all functional group categories, significant 
differences were observed between the HA and HA-Ba chemical shifts. The carbon 
bound to oxygen and carbon in carboxyl functional groups could not be assigned a 
peak in the HA-Ba spectrum. In the> 220 ppm category 3 peaks were detected in 
the HA-Ba spectrum whilst in the HA spectrum only 1 peak is seen. These results 
are discussed in more detail In section 4.3.1. 
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Figure 30: nC SSNMR spectn.Jm of a HA-Ba sample using - CPMAS, 15 kHz 
Table 15: 13C SSNMR peak fit data for a HA sample and a HA-Ba sample 
FunctJonalgrouD cateaolV HAlJDDm HA-BalJDDm 
carbon bound to nitrogen 52.177 44.898 
carbon bound to oxygen 78.001 
carbon In aromatic structures 111.618 123.319 
phenolic carbon 152.753 146.854 . 
carboxyl carbon 172.207 
carbonvl carbon 202.852 197.982 
> 220 ppm 242.586 222.184 
4.1.8 Investigating HA-Sr 
A 13C CP-MAS spectrum of the HA-Sr sample at a spinning speed of 15 kHz was 
obtained and peak fitted (figure 31) and the resulting peak fit information can be 
seen in table a.9. A comparison of the peak fit chemical shifts required for the HA 
and HA-Sr spectra are shown in table 16. 
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Figure 31: ne SSNMR spectrum of a HA-Sr sample using - ePMAS, 15 kHz 
Table 16: ue SSNMR peak fit data for a HA sample and a HA-Sr sample 
Functional group category HAiJppm HA-Srilppm 
carbon bound to nltroQen 52.177 45.488 
carbon bound to oxYgen 78.001 73.193 
carbon In aromatic structures 111.618 112.155 
phenolic carbon 152.753 
carboxyl carbon 172.207 172.67 
carbonyl carbon 202.852 199.344 
> 220ppm 242.586 247.518 
From table 16 it can be seen that, for all functional group categories apart from 
carbon in carboxyl functional groups, significant differences were observed 
between the HA and HA-Sr chemical shifts. Again, when comparing this spectrum 
to the HA spectrum, different numbers of peaks were required to fit each 
functional group category. These results are discussed in more in section 4.3.1. 
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4.1.9 Investigating HA-Zn 
A 13C CP-MAS spectrum of the HA-Zn sample at a spinning speed of 15 kHz was 
obtained and peak fitted (figure 32) and the resulting peak fit Information can be 
seen in table a.10. A comparison of the peak fit chemical shifts required for the HA 
and HA-Zn spectra are shown in table 17. 
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Figure 32: 13C SSNMR spectrum of a HA-Zn sample using - CPMAS, 15 kHz 
Table 17: Uc SSNMR peak fit data for a HA sample and a HA-Zn sample 
Functional grou,,-category HAiJppm HA-ZniJppm 
carbon bound to nitroQen 52.177 47.562 
carbon bound to oxygen 78.001 69.977 
carbon in aromatic structures 111.618 110.191 
phenolic carbon 152.753 142.628 
carboxyl carbon 172.207 169.272 
carbonvl carbon 202.852 201.709 
> 220 ppm 242.586 245.753 
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From table 17 it can be seen that, for all functional group categories apart from 
carbon in carbonyl functional groups, significant differences were observed 
between the HA and HA-Zn chemical shifts. Again, when comparing this spectrum 
to the HA spectrum, different numbers of peaks were required to fit the carbon 
bound to nitrogen functional group category. For all other groups the number of 
peaks in each category was the same as for the HA spectrum. These results are 
discussed in more detail in section 4.3.1. 
4.1.10 Investigating HA-Eu 
A 13C CP-MAS spectrum of the HA-Eu sample at a spinning speed of 15 kHz was 
analysed. Eu Is known to be paramagnetic and it was thought that it may distort 
only those parts of the spectrum which corresponded to the functional groups that 
the metal Is Interacting with. Unfortunately, this was not the case and no 
spectrum could be obtained due to the extent of distortion. 
4.2 IR Spectroscopy 
4.2.1 Control Samples 
When samples were analysed by IR spectroscopy a blank 'background' sample 
was prepared to give an IR spectrum which was then deducted from the other 
spectra recorded. This procedure was carried out prior to each sample set 
analysed. A typical blank spectrum can be seen in figure 33. The spiking which 
can be seen, and is highlighted in blue, was due to gas phase water. The area 
highlighted in pink was due to carbon dioxide and the section highlighted in green 
was background due to the cell and instrument. 
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Figure 33: KBr I R spectrum of blank sample 
4.2.2 Investigating HA 
1000 500 
Two separately prepared HA samples were ana lysed using KBr IR spectroscopy 
and the spectra can be seen in figure 34 and figure 35. Since the samples were 
not prepared to be of identical HA/KBr ratio, or of identical disk mass or thickness, 
it was not expected that the spectra would show identical peak intensities. It was 
the position of the peaks which was of most interest and how they compared to 
the HA-M spectra . 
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Figure 35: KBr IR analysis of HA(2) 
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Comparing the IR spectra of the two separately prepared HA samples, yielded 
similar results. The same bands appeared in both spectra in approximately the 
same positions. Due to the complexity of the region < 1000 cm-l this region was 
not analysed. A comparison of these obtained HA spectra with those obtained for 
the HA-M samples follows. 
4.2.3 Investigating HA-Cd 
Two separately prepared HA-Cd and HA-Cd(2) samples were analysed by IR 
spectroscopy to assess the repeatability of the results obtained. The resulting 
spectra can be seen in figure 36 and figure 37. Again the spectra showed that the 
two HA-Cd samples gave near identical spectra in terms of the number and 
position of bands. 
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The main differences seen when comparing the HA and HA-Cd IR spectra were 
separated into three wavelength ranges: 4000 - 2000, 2000 - 1500 and 1500 -
1000 cm-I. 
In the wavelength range 4000 - 2000 cm'l the main broad band at N 3390 cm-l 
was assigned to OH stretching due to its intensity and broadness. NH stretching 
was also apparent in this region, but was generally of a much weaker intensity 
than was seen with OH stretching. The sharp bands at N 2850 and 2910 cm-1 
(which were assigned to alkane stretching (Le. CH, CH2 and CH3) were present in 
both the HA and HA-Cd spectra which were also observed by Prado et al.as, 10S 
The main difference was that the broad band at N 2600 cm-l was absent in the 
HA-Cd spectra. This band was most likely carboxylic OH stretches due to the 
bands broad nature. 
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In the wavelength range 2000 - 1500 cm' t, two strong bands were seen in the HA 
spectra at ~ 1610 and 1710 cm'l , In the HA-Cd spectra only 1 broad band was 
seen at ~ 1600 cm't, and was much broader than in the HA spectra, This effect 
was also seen by Prado et al. 105 when investigating Cu and Zn complexation to 
HA. The band at 1710 cm'l was attributed to C=O stretching of COOH and CONH2 
groups, whilst the increase in the band in the 1600-1610 cm' l region was 
attributed to COO- groups. The disappearance of the band at ~ 1710 cm'l and the 
increased intenSity of the band at 1600 cm' l were explained by metal binding to 
the carboxylic acid functional groups. 
In the wavelength range 1500 - 1000 cm'l five bands were observed at 
wavelengths of ~ 1030, 1100, 1250, 1380 and 1420 cm'l . In the HA-Cd spectra 
one large band was evident at ~ 1380 cm' l , the bands at ~ 1250 and 1420 cm'l 
were not seen and the bands at ~ 1030 and 1100 cm'l were in approximately the 
same position in the HA-Cd spectra as in the HA spectra. In this region, when a 
complicated material such as HA was under investigation, accurate assignment of 
bands was difficult since each could represent a number of different things. 
Amines were expected in the region 1340 - 1020 cm'l, nitro compounds in the 
region 1390 - 1260 cm'l (less likely) and c-o stretching from alcohols, ethers, 
carboxylic acids and esters in the region 1260 -1000 cm'l just to mention a few. 
Since the individual bands could not be assigned to any particular functional group 
very little information was gathered as to Cd binding to HA. 
4.2.4 Investigating All Other Metals 
For all other HA-M samples prepared where M = Ce, Ca, Cu, Ba, Sr and Zn, the 
same differences were observed, when comparing the HA-M spectra to the HA 
spectra, as for the HA-Cd sample. The spectra are shown in the appendix for Ce -
figure b.1, Ca - figure b.2, Cu - figure b.3, Ba - figure b.4, Sr - figure b.5 and Zn -
figure b.6. 
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4.3 Discussion on Results Obtained by using 
SSNMR and IR Spectroscopy to Investigate 
Metal Binding to HA 
4.3.1 SSNMR Spectroscopy 
Separately prepared HA-Cd samples were analysed and the resulting spectra peak 
fitted. A comparison of the chemical shift values obtained from the peak fitting 
showed no differences greater than 2 ppm. Therefore this value was used as a 
significant chemical shift difference value, which could then be applied to every 
other spectrum. This ensured that any differences seen between spectra were due 
to metal complexation not the errors in the peak fitting programme. The absence 
of chemical shift differences > 2 ppm between the HA and HA+Cd(ground) sample 
confirmed this value. This comparison also showed that the presence of Cd 
uncomplexed to the HA molecule, did not effect the 13C humic acid spectrum. 
Therefore, any significant chemical shift differences seen when comparing the HA 
spectrum to HA-M spectra were due to metal complexation with the HA molecule. 
Table 18 shows where significant chemical shift differences were observed when 
comparing the HA spectrum to the HA-M spectra. The X's in the table indicate 
where chemical shift differences were observed when comparing the HA spectrum 
to the HA-M spectra obtained by 13C SSNMR spectroscopy. The absence of a 
significant chemical shift difference was not explored here, since there may be a 
chemical shift difference but it may be below the 2 ppm accepted chemical shift 
difference limit. Therefore this technique was not suitable to investigate where 
metals were not binding to the HA molecule. Further studies would need to be 
conducted to examine this. 
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Table 18: A table to show where significant chemical shift differences (> 2 ppm) were 
seen when comparing the HA spectrum to HA-M spectra 
Functional 
group 
region HA-Cd HA-Ce HA-Ca HA-Cu HA-Ba HA-Sr HA-Zn 
C bound to X X X X X X 
N 
C bound to X X X X X 
0 
Aromatic C X X X X 
Phenolic C X X X X X X 
Carboxyl C X X X X X 
Carbonyl C X X X X 
> 220 ppm X X X X X X X 
Although this work supports the literature in that metals bind to carboxylic acid 
groups, the purpose of this work was to look for evidence of metal binding to 
phenolic functional groups and nitrogen containing functional groups. All of the 
spectra except the HA-Cd spectrum showed significant chemical shift differences 
in this region when comparing to the HA spectrum. For there to be a chemical 
shift difference the metal must be complexing to, or very near to the phenolic 
functional groups on the HA. Figure 38 aims to illustrate the main phenolic 
functional groups on the HA molecule, so that an understanding of the chemical 
environments of the phenolic functional groups could be gained. 
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Figure 39: A predicted HA structure to show nitrogen containing functional group environments 2J 
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In figure 38 the blue lines showed where a phenolic functional group is present, 
and the nearby number in a green box corresponds to its phenolic functional 
group number. In the HA molecule phenolic functional groups were present in a 
wide range of chemical environments, some of which include aromatic phenolic 
groups (group 1), phenolic groups near to NH groups (group 2), phenolic groups 
near to COOH groups (group 3) and phenolic groups coordinated to metals 
(groups 4 and 5). From figure 38 it was seen that the main chemical environment 
for the phenolic functional groups was an aromatic phenolic group. This indicates 
that the chemical shift differences that were being observed in the NMR spectra, 
when compared to the HA spectrum to the HA-M spectra, were not due to metals 
binding in close proximity to the phenolic functional groups, but rather, metals 
binding to the phenolic functional groups themselves. 
All NMR spectra, apart from the HA-Cd spectra, showed significant chemical shift 
differences in the nitrogen containing functional group region of the spectrum 
(when compared to the HA spectrum). For there to be a chemical shift difference, 
the metal must be complexing to, or very near to, the nitrogen containing 
functional groups. Figure 39 aims to illustrate the main nitrogen containing 
functional groups on the HA molecule, so that an understanding of their chemical 
environments could be gained. 
In figure 39 the blue lines showed where a nitrogen containing functional group is 
present and the nearby number in a green box corresponds to its functional group 
number. Some of the nitrogen containing functional groups in the HA molecule 
include: nitrogen bound to two aromatic rings (group 1), NH2 group (group 2), NH 
group (group 3), NH2 in close proximity to a OH group (group 4), NH in a cyclic 
ring (group 5), NH near to a CDOH group (group 6), (;N group (group 7) and a 
N02 group (group 8). The sheer complexity of the nitrogen containing functional 
groups, and the close proximity of the nitrogen containing functional groups to 
other complexing functional groups, means that even with the chemical shift 
differences observed In the NMR spectra when comparing the HA spectrum to the 
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HA-M spectra no evidence for metal binding to the nitrogen containing functional 
groups was found. 
In summary evidence for metal binding to phenolic functional groups was found 
using 13C SSNMR spectroscopy. Evidence was inconclusive for metal binding to 
nitrogen containing functional groups using SSNMR spectroscopy. 
4.3.2 IR Spectroscopy 
HA and HA-M samples were prepared (where M = Cd, Ce, Ca, Cu, Ba, Sr and Zn) 
and analysed by IR spectroscopy to look for evidence of metal binding to phenolic 
and amine functional groups. Due to the unresolved nature of IR spectra and the 
complexity of HA, no evidence was found for metal binding to amine or phenolic 
functional groups, although evidence for metal binding to carboxylic acid 
functional groups was detected. 
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Chapter 5 Investigating Ternary 
Complexes of HA, M and HC03-
Systems containing HA, M and NaHC03 were investigated to search for evidence 
of ternary complexes of the type HA-M-(HC03)x. carbonate was considered an 
important ligand since it is naturally occurring in the environment. If ternary 
complexes exist then they need to be considered when modelling M-HA 
interactions in the environment. All work in this chapter was carried out at pH 6, 
therefore any carbonate complexes formed are assumed to be with HC03, since 
this is the most predominant species at pH 6.105 
5.1 Zeta Potential Measurements 
This section will be separated into control samples, and the systems prepared to 
investigate ternary complexes. Samples were studied at pH 6 so as to avoid metal 
hydrolysis. The pH of all samples were measured (and is given in the appendix), 
and was found to be between 5.9 and 6.1 for all samples. NaCl and NaHC03 were 
used as additional ligands in this study. NaHC03 was used as a means of adding 
HC03 into the system. NaCl was used to ensure that any changes seen in the 
NaHC03 system which are not seen in the NaCl system were only due to the 
presence of carbonate and not due to Na or as an ionic strength effect. In all zeta 
potential graphs the pOint shows the mean of five measurements and the error 
bars show the variation over those five measurements. 
5.1.1 Control Samples 
Ternary complexes of the type HA-M-(HC03)x were investigated, where M = Eu, 
Cd, Ce, AI or Ni. These metals were chosen to ensure a range of metals were 
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studied including 2+ and 3+ metals. Table 19 lists the prepared HA control 
samples along with the corresponding figure and table information. NaCl and 
NaHC03 were the additional ligands being studied where NaCl (1) and NaHC03 (1) 
= 8 x 10-3 mol dm-3 and NaCl (2) and NaHC03 (2) = 1 x 10-2 mol dm-3. 
Table 19: HA control samples showing HA concentrations and giving figures and tables 
where control sample data can be seen 
HA HA + NaCl 1 HA + NaCI 2 HA + HA + 
NaHC03 1 NaHC03 2 
HA Concentration 5 - 100 45.5 45.5 45.5 45.5 
(ppm (w.v)) 
Number of sample 2 5 5 5 5 
repeats 
Zeta potential results Figure Figure 41, Figure 41, Figure 41, Figure 41, 
40, Table Table C.2 Table C.2 Table C.2 Table C.2 
C.1 
UV results at 254 nm Figure 42, Figure 42, Figure 42, Figure 42, 
after filtering samples Table C.2 Table C.2 Table C.2 Table C.2 
pH results Table C.1 Table C.2 Table C.2 Table C.2 Table C.2 
40 
20 
:;:-
.s 
iii 0 , 
:;::; 
c 
Cl) 
.... 
0 
-20 c.. 
'" .... 
, . i ! l , ~ ii i i i , • Ii : r f 
1 ! 1 • 
Cl) 
N 
-40 
-60 
o 20 40 60 80 100 
HA Concentration (ppm) (w.v) 
Figure 40: Zeta potential results from varying concentrations of HA (pH 6) 
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pH 6 
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The HA control samples showed that the zeta potential results were independent 
of HA concentration (within the range studied 5 - 100 ppm (w.v)). Neither the 
addition of NaCI or NaHC03 (at two different concentrations) to 45.5 ppm (w.v) 
affected the zeta potential or absorbance at 254 nm after filtering samples. The 
lack of difference in the results showed that ionic strength, the addition of Na or 
the addition of NaHC03 did not alter the results. 
Table 20 lists the metal control samples studied. The additional ligand 
concentrations remain the same as in the HA control samples. For all metals apart 
from Na both additional ligand concentrations were stUdied. All graphs are given 
with the same y axis therefore; absorbance results between metals and zeta 
potential results between metals can be easily compared. 
Table 20: M control samples showing M concentrations and giving figures and tables 
where control sample data can be seen 
M under investi ation and concentration (mol dm" ) 
Eu Cd Ce AI Ni 
Number of 5 3 3 3 3 
Zeta potential Figure 43, Figure 45, Figure 47, Figure 49, Figure 51, 
results Table C.3 Table CA Table C.7 Table C.10 Table C.13 and 
Table C.14 
UV results at 254 Figure 44, Figure 46, Figure 48, Figure 50, Figure 52, 
nm after filtering Table C.3 Table C.5 Table C.8 Table C.ll Table C.13 and 
samples Table C.14 
pH results Table C.3 Table C.6 Table C.9 Table C.12 Table C.13 and 
Table C.14 
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Figure 43: Zeta potential results from Eu control samples at pH 6 
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Figure 44: Absorbance results at 254 nm (after filtering) from Eu control samples at pH 
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Figure 45: Zeta potential results from Cd control samples at pH 6 
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Figure 47 : Zeta potential results from Ce control samples at pH 6 
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Figure 48: Absorbance results at 254 nm (after filtering) f rom Ce control samples at pH 
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Figure 50: Absorbance results at 254 nm (after filtering) from AI control samples at pH 
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Figure 51: Zeta potential results from Ni control samples at pH 6 
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Figure 52: Absorbance results at 254 nm (after filtering) from Ni control samples at pH 
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For all metals studied no differences in the zeta potential results were observed 
between sample sets. Although, with the Cd and AI sample sets there was an 
increasing zeta potential with increasing M concentration, but since when the HA 
is in solution it is this which dominates the sample due to its size, this was seen as 
unimportant. 
Some large error bars were seen in the metal control zeta potential results, which 
were expected. In the metal nitrate samples there were no large particles in 
solution to dominate the system. Therefore the results were expected to be very 
scattered. This was not considered to be a problem, as when HA was added to the 
samples, its large size (when compared to that of the metal ions and metal 
hydroxides) dominated the system, and so it was the zeta potential of this which 
was measured. The much smaller error bars obtained when HA was present in the 
system shows this. 
The absorbance results at 254 nm after filtering the samples were the same for all 
sample sets when studying Eu, Cd and Ni. However, with AI and Ce increasing 
results were observed with increasing metal concentration in the following sample 
sets: M, M + NaHC03 1 and M + NaHC03 2. These results were explained by the 
metal precipitating out of solution when in the presence of NaHC03, perhaps as 
the M(HC03)x species. This precipitate was being caught by the filter reducing the 
absorbance results. For the Ce and AI sample sets this was taken into 
consideration with the results later. 
5.1.2 Systems Containing HA, M and NaHC03 
Table 21 lists the systems studied along with the corresponding figure and table 
information. NaCl and NaHC03 were the additional ligands being studied where 
NaCl (1) and NaHC03 (1) = 8 x 10-3 mol dm-3 NaCl (2) and NaHC03 (2) = 1 x 10-2 
mol dm-3. Again, NaHC03 was added as a way of introducing HC03 into the system 
and NaCI was added to investigate ionic strength and the addition of Na. 
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Table 21: Figures and tables of data from systems containing HA, M in the absence and 
presence of NaCI or NaHC03 at pH 6 
System 
Results HA-M HA-M-NaCl1 and HA-M-NaHCO, 1 
let! potential Figure 53 Figure 56 Figure 56 
Table C.15 Figure 57 Figure 57 
Eu Table C.19 Table C.19 
UV at 254 nm Figure 54 Figure 58 Figure 58 
Table C.16 Table C.20 Table C.20 
pH Table C.15 Table C.18 Table C.18 
let! potential Figure 59 Figure 59 Figure 59 
Cd Figure 60 Figure 60 Figure 60 
Table C.21 Table C.22 Table C.23 
UV at 254 nm Figure 61 Figure 61 Figure 61 
Table C.21 Table C.24 Table C.24 
pH Table C.21 Table C.22 Table C.23 
let! potential Figure 62 Figure 62 Figure 62 
Figure 63 Figure 63 Figure 63 
Table C.25 Table C.26 Table C.27 
Ce UV at 254 nm Figure 64 Figure 64 Figure 64 
Figure 65 Figure 65 Figure 65 
Table C.28 Table C.28 Table C.28 
Table C.29 Table C.29 Table C.29 
pH Table C.25 Table C.26 Table C.27 
let! potential Figure 66 Figure 66 Figure 66 
Figure 67 Figure 67 Figure 67 
Table C.30 Table C.31 Table C.32 
AI UV at 254 nm Figure 68 Figure 68 Figure 68 
Figure 69 Figure 69 Figure 69 
Table C.33 Table C.33 Table C.33 
Table C.34 Table C.34 Table C.34 
pH Table C.30 Table C.31 Table C.32 
let! potential Figure 70 Figure 70 Figure 70 
Table C.35 Table C.36 Table C.36 
Ni UV at 254 nm 
pH Table C.35 Table C.36 Table C.36 
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More than one table was given in the Ce and AI sample sets In the absorbance 
results, the original results were given in the first table stated and the corrected 
results (section 5.1.1) were given in the second table stated. Two sets of data are 
given as the control sample absorbance results needed to be deducted from the 
HA-M results. With the Ce and AI absorbance results two figures were also given, 
the first showed the original results, the second depicted the corrected results 
(again from subtracting the control sample results from the HA-M results). Where 
more than one figure was given in the zeta potential results, the first figure stated 
showed all of the data whilst the second illustrates the points of interest closer up. 
All graphs were given with the same y axis, therefore absorbance results between 
metals and zeta potential results between meta ls were easily compared. 
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Figure 54: Absorbance results at 254 nm (after filtering) from HA-Eu samples at pH 6 
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Figure 55: Zeta potential results from HA-Na samples at pH 6 
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Figure 56: Zeta potential results from HA-Eu samples with and without NaCI or NaHC01 
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Figure 60: Zeta potential results from HA-Cd samples with and without NaHCO, at pH 6 
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Figure 61: Absorbance results at 254 nm (after filtering) from HA-Cd samples with and 
without NaCI or NaHCO, at pH 6 
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Figure 62: Zeta potential results from HA-Ce samples with and without NaCI or NaHC03 
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Figure 63: Zeta potential results from HA-Ce samples with and without NaHC03 at pH 6 
- showing a limited range on the x-axis 
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Figure 64: Absorbance results at 254 nm (after filtering) from HA-Ce samples with and 
without NaCI or NaHC03 at pH 6 
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Figure 65: Absorbance results at 254 nm (after filtering) from HA-Ce samples with and 
without NaCI or NaHC03 at pH 6 (after deducting control sample results) 
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Figure 66: Zeta potential results from HA-AI samples with and without NaCI or NaHC03 
atpH 6 
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Figure 67: Zeta potential results from HA-AI samples with and without NaHC03 at pH 6 
- showing a limited range on the x-axis 
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Figure 68: Absorbance results at 254 nm (after filtering) from HA-AI samples with and 
without NaCI or NaHCO, at pH 6 
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Figure 69: Absorbance results at 254 nm (after filtering) from HA-AI samples with and 
without NaCI or NaHCO, at pH 6 (after deducting control sample results) 
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The HA-Eu sample set was first prepared to study three equilibration times, 72, 
168 and 336 h, The zeta potential (figure 53) and absorbance at 254 nm after 
filtering samples (figure 54) results showed that there was no observable 
differences in the results. Therefore, for all systems an equilibration time of 168 h 
was assumed to be adequate. A HA-Na sample set was prepared to ensure that 
the increasing zeta potential results with increasing metal concentration were not 
due to an ionic strength effect. Figure 55 showed that only above a NaN03 
concentration of 1 x 10'2 mol dm'3 did the zeta potential begin to increase with 
increasing metal concentration. Therefore for all other metals studied metal 
concentrations < 1 x 10'2 mol dm,3 were used. 
As discussed in the theory section (section 2.2 ), when metal is added to HA in 
solution the zeta potential was expected to increase with increasing metal 
concentration, until the HA is saturated. This was observed in all HA-M systems. 
However, for an observable increase in zeta potential a 'critical' concentration of 
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metal was required. Below the critical metal concentration no increase in zeta 
potential was observed with increasing metal concentration. 
A critical concentration of metal was also observed with the absorbance results. 
When the critical metal concentration was exceeded the HA flocculated out of 
solution. By filtering the samples the critical metal concentration was observed, as 
when the HA flocculated out of solution it was removed by the filter and resulted 
in an observable decrease in the absorbance results. 
A comparison of the critical metal concentration for zeta potential results and the 
critical metal concentration for absorbance results for all metals studied are shown 
in table 22. 
Table 22: Critical M concentrations for zeta potential and absorbance results 
Critical M Concentrations (mol dm·') 
M Zeta Potentia I Absorbance at 254 nm 
Eu 3 x 10·' S x 10·' 
Cd 3.6 X 10·' 3.6 x 10'" 
Ce 7.3 X 10-' 3.6 x 10'" 
AI 9.1 x lO·s 9.1 X 10·' 
Only for AI are the critical metal concentration for zeta potential and the critical 
metal concentration for absorbance the same. For all other metals the zeta 
potential critical metal concentration was lower than the absorbance critical metal 
concentration, showing that the increase in zeta potential results was not due to 
the flocculation of the HA material. 
For all metals investigated the addition of NaCl (at two concentrations 8 x 10-3 and 
1 x 10.2 mol dm-3) had no effect on the increasing zeta potentia Is with increasing 
metal concentrations (figure 56 (Eu), figure 59 (Cd), figure 62 (Ce), figure 66 (AI) 
and figure 70 (Ni)). Therefore, the addition of Na into the system at these 
concentrations had no effect. The same was observed in the absorbance results 
(figure 58 (Eu), figure 61 (Cd), figure 64 (Ce) and figure 68 (AI)). Therefore, the 
critical metal concentration for flocculation was not altered by the addition of NaCl 
into the system. 
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As discussed in the theory section (section 2.2 ), if a ternary complex was to form, 
the complexation of HC03 to the HA-M would lower the zeta potential results (Le. 
increase the negative zeta potential). This effect was seen in all systems except 
for the Ni systems. The results from the Ni samples showed no differences in zeta 
potential (figure 70) for HA-Ni samples in the presence of NaHC03. This sample 
set therefore acted as a control. The results showed that if ternary complexes 
were not forming, the presence of NaHC03 (in the concentrations studied) would 
not affect the zeta potential or absorbance results of the HA-M samples studied. 
The observation that there was no evidence for a ternary complex in the HA-Ni 
system, meant that there was no reason to measure the zeta potentia Is of the 
lower additional ligand concentration samples. For the same reason the 
absorbance results were not measured . 
With the Eu and Ce sample sets the zeta potential results showed zeta potential 
results which were more negative with the addition of 8 x 10-3 mol dm-3 NaHC03 
(Le. NaHC03 1) when compared to the HA-M sets. This effect was enhanced by a 
higher concentration of NaHC03 (1 x 10-2 mol dm-3) (figure 57 (Eu) and figure 63 
(Ce». With the AI and Cd sample sets the zeta potential results only showed lower 
results with addition of 1 x 10-2 mol dm-3 NaHC03 (figure 60 (Cd) and figure 67 
(AI». A comparison of the absorbance results (figure 58 (Eu), figure 61 (Cd), 
figure 64 (Ce) and figure 68 (AI» showed no observable differences in the critical 
metal concentration for flocculation with the addition of neither concentration of 
NaHC03. Therefore, the results were not due to less metal complexing to the HA 
due to M-(HC03)x complexes forming. If this were the case then this would have 
been observed in the absorbance results. 
Since Cd is a 2+ cation, it was expected that only at the highest NaHC03 
concentration were the increase in negative zeta potential results observed. 2+ 
cations generally have lower stability constants for HA than the 3+ cations. 
Therefore for any given metal concentration a greater effect on zeta potential was 
seen by a 3+ cation than by a 2+ cation. Less metal bound to the HA meant more 
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NaHC03 was required to see an effect on the zeta potential. With the AI system 
the increased negative zeta potentials were also only observed at the highest 
NaHC03 concentration. This was most likely due to AI complexing to the HA as a 
hydrolysis product. Therefore, less HC03- complexed to the HA-AI so a higher 
concentration of NaHC03 would be required to alter the zeta potentials. 
In summary direct evidence for the formation of ternary complexes of the type 
HA-M-(HC03}y with Eu, Cd and Ce was obtained. Evidence for the formation of a 
ternary complex with AI has been found, but due to the results show in table 22 
this is not considered direct evidence. 
S.2 Using SSNMR to Investigate Ternary 
Complexes 
5.2.1 Investigating Na2C03 
A BC Na2C03 sample was investigated as a preliminary study to investigating the 
formation of ternary complexes of HA, M and Na2C03. The low signal to noise of 
the HA BC CPMAS NMR spectra indicated that observing Na2C03 coordinated to 
the HA-metal complex was unfeasible in the available NMR measuring time. One 
way of increasing signal to noise was to use 100 % BC labelled Na2C03. 
A Direct polarisation (OP) technique was used on the Na2C03 sample with a 
relaxation delay of 10 s (figure 71). One signal was observed, at a chemical shift 
(0) of ~ 165.3 ppm. 
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Figure 71: Uc DP of a Na2CO. sample, 15 kHz, dl = 105, n5 = 100 
The full SSB pattern for the 100 % 13C labelled Na2C03 sample was obtained using 
DP and spinning the sample at 2 kHz (figure 72, table 23). Peak fitting of the SSB 
pattern can be seen more clearly in figure 73, which showed the peak fit slightly 
off centre to show the fit better. The peak fitting programme allowed a good fit to 
be obtained between experimental and calculated spectra, providing the CSA 
parameters for the 13C nucleus in the Na2C03 sample. 
Figure 72: 13C DP CSA pattern of a Na2CO. sample, 2 kHz, dl = 10 5, peaks fitted. 
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Figure 73: llC OP CSA pattern of a Na,C03 sample, 2 kHz, dl = 10 5, ns = 100 peaks 
fitted (2) 
Table 23: "C SSNMR Na,CO, sample - CSA pattern -OP, 1 kHz - CSA pattern modelled 
Intensity 23344553.2 
Nu(iso)ppm 165.3 
Delta(CSA)ppm -74.62 
Eta(CSA) -0.012 
LB 67.8 
GB 18.174 
5.2.2 Investigating HA-Na2C03 
DP was used on the HA-Na2C03 sample with a relaxation delay of 10 s and at a 
spinning speed of 15 kHz (figure 74). One signal was observed, at a chemical shift 
(0) of 165.1 ppm. This chemical shift was comparable to the chemical shift of the 
Na2C03 sample. This indicated that the HA did not interfere with the 13C signal. 
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The sample was then analysed at 6 kHz spinning speed (figure 75) and at 3 kHz 
spinning speed (figure 76). Unfortunately, due to the reduced concentration of 
Na2C03 in the vial the CSA pattern could not be obtained within the time frame 
allowed on the SSNMR spectrometer. Spinning the sample at a slower speed 
reduced the peak intensity as it fragmented as discussed further in the theory 
section (section 2.1 ). The lower concentration of Na2C03 in the sample was due 
to the sample been left to dry in a dessicator for a considerable length of time. 
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Figure 74: 13c SSNMR of a HA- Na2C03 sample, DP, 15 kHz, dl = 105 
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Figure 75: 13C SSNMR of a HA- Na2C03 sample, DP, 6 kHz, dl = 10 
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Figure 76: Uc SSNMR ot a HA- Na,CO, sample, OP, 3 kHz, d1 = 105 
5.2.3 Investigating Cd-Na2C03 
A BC, DP spectrum of the Cd-Na2C03 sample was obtained at a spinning speed of 
10 kHz, and is shown with (figure 77) and without (figure 78) proton decoupling. 
Decoupling introduced a lot of noise into the spectrum and a peak was not visible, 
this was not a problem when the decoupling was turned off, although there didn't 
appear to be an explanation for this. 
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Figure 77: Uc SSNMR of a Cd-Na2CO) sample with proton decoupling, OP, dl = 360 5, 
n5 = 4 
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Figure 78: Uc SSNMR of a Cd-Na2CO) sample, OP, dl = 3605, n5 = 4 
A 13C, DP spectrum was also obtained with decoupling off at a spinning speed of 6 
kHz (figure 79). The only observable difference between this spectrum and that 
obtained at 10 kHz was the presence of one pair of spinning sidebands due to 
spinning the sample at a slower rate. The following l3C chemical shift values were 
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obtained; for the Na2C03 sample 165.3 ppm, for the HA-Na2C03 sample 165.1 
ppm and for the Cd-Na2C03 sample 164.4 ppm . 
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Figure 79: nc SSNMR of a Cd-Na,CO. sample, OP, dl = 360 5, n5 = 4 
A SSB pattern using a 13C, DP was obtained for the Cd-Na2C03 sample at a sample 
spinning rate of 1 kHz (figure 80, table 24). A comparison of these CSA 
parameters with that obtained from the Na2C03 sample revealed very different 
Eta(CSA) parameters. Even though the chemical shift values of the Na2CO) and 
Cd-Na2C03 samples were only 1 ppm apart the CSA parameters shows that the Cd 
Is altering the Na2C03 SSB pattern, due to Cd-(HC03)2 complexes forming . 
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Figure 80:"C SSNMR of a Cd-Na,CO. sample CSA pattern, OP, dl = 360 s, 1 kHz, ns = 4 
Table 24: "C SSNMR Cd-Na,CO. sample - CSA pattern -OP, 1 kHz - CSA pattern 
modelled 
Intensity 11487867.6 
Nu(iso)ppm 164.4 
Delta(CSA)opm -77.62 
Eta(CSA) 0.221 
LB 94.37 
GB 8.2465 
A Cd and Na2C03 sample was ground together (Cd+Na2C03) and the sample 
analysed by l3C SSNMR by OP at 15 kHz (figure 81) which showed a single peak at 
a chemical shift of 165.4 ppm. The l3C chemical shifts of the following samples: 
Na2C03 (figure 71), HA-Na2C03 (figure 74) and Cd+Na2C03 (figure 81) were all 
165 ppm, whilst for the Cd-Na2C03 sample was 164 ppm. There is only 1 ppm 
difference between the Cd-Na2C03 sample compared to the other samples. The 
repeatabil ity of the 165 ppm value showed that the 1 ppm difference is Significant, 
confirming the presence of a Cd-(HC03h complexes forming. The similar 13C 
123 
chemical shifts from the Na2C03 and Cd+Na2C03 samples, illustrated that only the 
complexation of the Cd to the Na2C03 altered the l3C chemical shift, not just the 
presence of the Cd in close proximity to the Na2C03. 
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Figure 81: I3C SSNMR of a Cd+Na1C03 sample, OP, dl = 3605, n5 = 4 
5.2.4 Investigating HA-Cd-Na2C03 
A 13C DP spectrum of a HA-Cd-Na2C03 sample can be seen In figure 82, which 
illustrated one peak at a chemical shift of 171.3 ppm. The BC chemical shift of 
Na2C03 alone was 165.3 ppm (figure 71) and the observed chemical shift of the 
Cd-Na2C03 complex was 164.4 ppm (figure 78). 
A 13C SSB pattern was obtained for the HA-Cd-Na2C03 sample by DP and at a 
spinning speed of 1 kHz. The spectrum was peak fitted and can be seen in figure 
83, and the corresponding peak information in table 25. When comparing the CSA 
parameters of HA-Cd-Na2C03 with that of Na2C03 (table 23), and Cd-Na2C03 
(table 24) a major difference was that the HA-Cd-Na2C03 SSB pattern is much 
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better modelled with two separate CSA functions a major and a minor CSA 
function. 
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Figure 82: Uc SSNMR of a HA-Cd-Na1C03 sample, OP, dl = 3605, ns = 4 
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Figure 83: U c SSNMR of a HA-Cd-Na1C03 sample --c5A pattern - OP, 1 kHz - CSA 
pattern modelled 
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Table 25: 13C SSNMR HA-Cd-Na,CO. sample -c5A pattern -OP, 1 kHz - CSA pattern 
modelled 
Nuc 1 Nuc 2 
Intensity 154837190.4 19650099.1 
Nu(iso)ppm 171.25 170.186 
Delta(CSA)ppm -83.48 -75.97 
Eta(CSA) 0.325 0.726 
L8 20.2 26.56 
GB 149.8044 174.6012 
The differences seen in the CSA parameters between the Cd-Na2COJ and the 
Na2COJ sample were attributed to the complexation of Cd to HCOJ'. The 
differences in chemical shift of the HA-Cd-Na2COJ sample, the carbonate sample 
and the Cd-Na2COJ samples illustrated that the BC is in three different 
environments in the three different samples, which was confirmed upon a 
comparison of the CSA parameters. This was explained by the formation of a 
ternary complex of the type HA-Cd-(HCOJ)x. 
S.2.S Investigating Ce-Na2C03 
A 13C DP spectrum of the Ce-Na2COJ sample was obtained at a spinning speed of 
15 kHz (figure 84). When investigating the Cd-Na2COJ sample (section 5.2.3) a lot 
of noise was found to be introduced to the spectrum when proton decoupling was 
switched on. Therefore, in the ternary complex studies involving HA, Ce and 
Na2COJ proton decoupling was turned off. Two peaks were evident in the Ce-
Na2COJ spectrum at chemical shifts of 142.8 and 159.6 ppm. This was very 
different to the Na2COJ spectrum which showed one peak at 165.3 ppm (figure 
71). 
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Figure 84: Uc SSNMR of a Ce- Na,CO. sample, DP, d1 = 360 5, lS kHz 
The Ce-Na2COJ sample was analysed by OP at a spinning speed of 1 kHz and 2 
kHz to get the SSB pattern. The resulting spectra showed that the sample was 
spinning too slowly and so the SSB pattern was obtained at 7 kHz and can be seen 
in figure 85 and the peak fit parameters in table 26. The SSB peaks were fitted 
best at chemical shifts of ~ 139.0 and 146.2 ppm. The difference in chemical shift 
values between the spectra obtained at 7 kHz and 15 KHz were unexplained. 
There was also a peak at ~ 160 ppm which was unexplained and was not 
repeated in the SSB pattern. The important thing was the differences in the 
spectra obtained from the Na2C03 and the Ce- Na2C03 samples, which showed 
that the Ce is complexing to the HA. 
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Figure 85: 13C SSNMR of a Ce- Na,CO, sample, DP, dl = 360 5, 7 kHz 
Table 26: 13C SSNMR Ce-Na,CO, sample -CSA pattern - 13C, DP, 7 kHz - CSA pattern 
modelled 
Nuc 1 Nuc 2 
Intensity 7065405.4 1261851.1 
Nu(iso}ppm 139.023 146.204 
Delta(CSA)ppm 425.66 -1200.76 
Eta(CSA) 0.54 0.239 
LB 1173.5 -B77.41 
GB 268.4173 2469.5933 
5.2.6 Investigating HA-Ce-Na2C03 
A l3c DP spectrum of the HA-Ce-Na2C03 sample was obtained at a spinning speed 
of 15 kHz and can be seen in figure 86 (this was repeated and comparable spectra 
were obtained). A comparison of the BC spectra obtained at 15 kHz of Na2C03 
(figure 71), Ce- Na2C03 (figure 84) and HA-Ce- Na2C03 (figure 86) showed no 
similarities. Due to the complexity of the spectrum a SSB pattern was not 
obtained. The differences seen between spectra were attributed to the formation 
of a ternary complex of the type HA-Ce-(HC03)x. 
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Figure 86: 13C SSNMR of a HA-Ce- Na,C03 sample, DP, dl = 360 5, 15 kHz 
5.3 Using XRD to Investigate Ternary 
Complexes 
The XRD pattern of the Na2CDJ sample can be seen in figure 87. The red lines 
showed the expected peaks to be present in a Na2C03 sample, whilst the blue 
lines showed the expected peaks to be present in a NaHC03 sample. Comparing 
the red and blue lines to the obtained XRD pattern indicates that it was 
predominantly NaHC03 present in the sample. This was expected since samples 
were prepared at pH 6. 
Figure 88 shows the XRD pattern of a Cd-Na2C03 sample. The red lines showed 
the expected powder diffraction pattern of a CdC03 sample, unfortunately 
Cd(HC03h was not on the database to compare against. The obtained XRD 
pattern showed strong similarities to the CdC03 expected spectrum, confirming 
that the Cd is reacting with the Na2C03. Since samples were prepared at pH 6 
Cd(HC03h is expected to form. 
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Figure 87: XRD pattern of NaHC03 
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Figure 88: XRD pattern of Cd + Na2C03 
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Figure 89 shows the XRD pattern of two different HA samples: HA 1 and HA 2. For 
peaks to be seen in the XRD pattern there has to be some crystallinity. There were 
remarkable similarities between the spectra considering they were environmental 
samples which have been prepared separately and from different Aldrich sodium 
humate bottles . 
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Figure 89: XRD pattern of HA 1 + 2 
Figure 90 shows the XRD pattern of two separately prepared HA and Cd(N03) 2 
samples. Some similarities were seen in the HA-Cd spectra, although the black 
spectrum (HA-Cd 2) showed more peaks in the spectrum, which was probably due 
to a better sample preparation. 
A comparison of the XRD patterns of the HA and HA-Cd samples can be seen in 
figure 91. The main difference were the apparent reduced crystallinity when Cd 
complexed to the HA. The difference illustrated that when the Cd complexed to 
the HA, this altered the XRD pattern. 
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Figure 90: Powder diffraction of HA + Cd 1 + 2 
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Figure 91: Comparison of XRD patterns of HA and HA + Cd samples 
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Figure 92 shows the XRD patterns of two separately prepared HA-Cd-Na2C03 
samples. The samples showed very similar diffraction patterns, which showed that 
the results were repeatable. A comparison of these results with the HA and HA-Cd 
XRD patterns can be seen in figure 93. 
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Figure 92: XRD patterns of HA + Cd + Na2C031 + 2 
., 
Figure 93 shows a comparison of the XRD patterns of the following samples: HA, 
HA-Cd and HA-Cd-Na2C03• The XRD patterns showed that the three samples had 
different powder diffraction patterns. 
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Figure 93: XRD pattern comparison of HA (bottom), HA + Cd (middle) and HA + Cd + 
Na2CO, (top) 
10 
Figure 94 shows a comparison of the XRD patterns obtained for the following 
samples (from top to bottom): Cd(HCOJh (pink), NaHCOJ (green), HA-Cd-Na2COJ 
(blue), HA-Cd (red) and HA (black). A comparison of the Cd(HCOJ)2 XRD pattern 
with the HA-Cd-Na2COJ XRD pattern showed remarkable similarities, in both the 
position of the peaks and the pattern of the peaks i.e. a comparison of peak 
heights in relation to each other. The HA-Cd-Na2COJ spectrum shows none of the 
XRD pattern peaks seen in the HA or HA-Cd XRD patterns. 
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Figure 94: Comparison of XRD patterns obtained for the following samples (from top to 
bottom): Cd(HC03h (pink), NaHC03 (green), HA-Cd-Na2C03 (blue), HA-Cd (red) and HA 
(black) 
This work contradicts the results obtained from the SSNMR spectroscopy and zeta 
.... 
potential work. This method showed no evidence for a ternary complex of HA, Cd 
and HC03 since the XRD patterns of the Cd-Na2C03 sample and the HA-Cd-Na2C03 
samples were very similar. 
Possible explanations for the lack of evidence of a HA-Cd-(HC03)x sample are 
discussed here. If the HA-Cd-(HC03Jx sample was not crystalline peaks would not 
be observed in the XRD pattern. If an excess of Na2C03 was in the system forming 
both HA-Cd-(HC03)x and Cd-(HC03h then the Cd-(HC03)2 XRD pattern may have 
dominated the spectrum. Also, there Is an assumption that the sample is 
homogeneous since only a small fraction of it was analysed. If the sample was 
heterogeneous then this may also explain the results. 
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5.4 Conclusions 
Zeta potential measurements revealed direct evidence for the formation of ternary 
complexes of the type HA-M-(HC03)Y with Eu, Cd and Ce. Evidence for the 
formation of a ternary complex with AI was found but was not considered direct 
evidence. Evidence indicated that a ternary complex of the type HA-Ni-C03 was 
not formed under these experimental conditions. 
SSNMR spectroscopy revealed direct evidence for the formation of a ternary 
complex of the type HA-Cd-HC03. Evidence for the formation of a ternary complex 
of the type HA-Ce-(HC03)x was also obtained. 
Preliminary powder XRD analysis did not provide evidence for the formation of a 
ternary complex of the type HA-Cd-HC03. However, further work has been 
suggested in section 7.2 to exploit this technique further. 
Preliminary experiments were also carried out using HPSEC but due to poor 
column performance evidence for ternary complexes was not found. The 
experimental work can be found in appendix d. 
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Chapter 6 Solid Versus Aqueous HA -
Metal Binding 
Determining HA-M stability constants can be difficult due to separating the free 
metal in solution from that bound to HA. If an immobilised HA sample could be 
used this would eliminate the need for a separation step. In this work the use of a 
HA(solid) sample was investigated. Conditional stability constants were obtained 
for the HA(aqueous) and HA(solid) materials with two metals - Ca and Eu. These 
metals were chosen because of the different conditional stability constants 
expected from the two metals. 
6.1 HA(aqueous) - M Stability Constants 
The Schubert method 97 was employed to determine the conditional stability 
constants of HA-M where M = ca or Eu. Further theory on the Schubert method 
has been described in section 2.4.1. To use this method two assumptions were 
made, the first is that a 1: 1 complex forms between one site on the HA and metal. 
The second assumption was that the free HA concentration was the same as the 
initial added HA concentration, again this was assumed due to the large excess of 
HA in comparison to the metal concentration. 
A HA calibration graph (figure 95) was obtained by measuring HA samples from 5 
- 100 ppm (w.v) (table e.1). This was then used to determine HA concentrations 
during this work. 
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Figure 95: Calibration graph of HA concentration against Absorbance at 500 nm 
6.1.1 Calcium 
Samples were prepared as discussed in section 3.4.1. The CPM, pH and 
absorbance at 500 nm of all samples were measured, and these measurements 
can be seen in table e.2. The measured pH values of all samples were in the 
range 6.0 - 6.2. The results of CPM against HA concentration can be seen in figure 
96. Increasing CPM results were observed with increasing HA concentration. This 
was expected due to the Ca complexing with the HA and therefore less Ca being 
attached to the cation exchange resin. 
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Figure 96: CPM against HA Concentration for HA-Ca Schubert Samples 
From the HA calibration graph (figure 95) HA concentrations were determined 
from the absorbance data of the HA-Ca Schubert method samples (table e.2) and 
compared against the known added HA concentration. Figure 97 showed that the 
HA was remaining in solution, and not interacting with the resin or any Ca 
attached to the resin . 
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Figure 97: Comparison of added HA Concentration against HA measured in solution 
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A Do value was initially derived (table e.3) and used to calculate conditional 
stability constants using the Schubert method (table e.4). The calculated 
conditional stability constants are shown in figure 98. For all HA concentrations 2: 
100 ppm (w.v) the log ~ values obtained were relatively constant and it was from 
these results the mean log ~ value was obtained which gave a value of 3.83 with a 
standard deviation of 0.11. The higher log ~ values obtained at the lower HA 
concentrations were explained by the HA concentration being too low. The 
conditional stability constants obtained were derived from the following equation: 
Therefore if the [HA] was too low, a higher ~ was calculated and therefore a 
higher log ~ value was obtained. 
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Figure 98: Derived log p values for HA- Ca derived using the Schubert method 
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6.1.2 Europium 
Samples were prepared as discussed in section 3.4.1. The CPM, pH and 
absorbance at 500 nm of all samples were measured and are shown in table e.S. 
The measured pH values of all samples were in the range 6.0 - 6.2. The results of 
CPM against HA concentration are shown in figure 99. For HA concentrations < 
200 ppm (w.v) an increase in CPM was observed with increasing HA 
concentration . This was expected due to the Eu complexing with the HA, therefore 
less Eu was attached to the cation exchange resin. 
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Figure 99: CPM against HA Concentration for HA-Eu Schubert Samples 
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From the HA calibration graph (figure 95) HA concentrations were determined 
from the absorbance data of the HA-Eu Schubert method samples (table e.S) and 
compared against the known added HA concentration. The results in figure 100 
showed that the HA was remaining in solution and not interacting with the resin or 
any Eu attached to the resin . 
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Figure 100: Comparison of added HA Concentration against HA measured in solution 
A Do value was initially derived (table e.6) and used to calculate conditional 
stability constants using the Schubert method (table e.?). The conditional stability 
constants for HA concentrations < 200 ppm (w.v) are shown in figure 101. 
Stability constants derived for samples containing > 200 ppm (w.v) HA are not 
shown. Figure 99 showed that only at HA concentrations < 200 ppm (w.v) did the 
(PM increase with increasing HA concentration. The mean log ~ value obtained 
was 5.05 with a standard deviation of 0.12 . 
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Figure 101: Derived log ~ values for HA-Eu derived using the Schubert method 
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6.2 HA(solid) - M stability constants 
HA(solid)-M samples (Where M = Ca or Eu) were prepared over a wide metal 
concentration range. With increasing HA(solid) concentration the free metal 
concentration was expected to decrease linearly. For all samples prepared where 
the free metal concentration was close to the metal stock concentration no 
conditional stability constant was given i.e. a stability constant could not be 
calculated. 
HA(solid) samples were prepared to test the stability of the HA(solid) after 672 h. 
Using the HA calibration graph (figure 95) the amount of HA dissolved in solution 
was determined (table f.1) and was found to be < 1% of the HA(solid) added. 
Table F.1 also gives the pH results from the HA(solid) control samples which were 
within pH 6.1 - 6.2. 
6.2.1 Calcium 
The free Ca concentrations were initially calculated from the known activity in the 
stocks, the activity remaining in the samples and having a known initial metal 
concentration. The free Ca concentration against HA(solid) concentrations were 
plotted for all five Ca concentrations investigated. Table 27 lists the figures and 
tables where the data can be found for each metal concentration. The method of 
obtaining the conditional stability constants for the HA(solid)-Ca system was 
discussed in section 2.4.2. 
143 
Table 27: Tables and figures for free Ca data for HA(solid) experiments 
M Concentration Table Number Figure Number Best R' Value obtained from either 
(mol dm-J ) 2 or 672 h equilibration studies 
1 x to-l Table F.2 Fiqure 102 0.667 
1 x 10·J Table F.6 Figure t03 0.921 
1 x 10~ Table F.10 Figure 104 0.799 
1 x to-5 Table F.14 Figure 105 and Figure 0.705 
Just counts Table F.18 Figure t07 0.891 
The 1 x 10.5 mol dm·3 sample set (figure 105) showed a lower free Ca 
concentration than was expected at the lowest HA concentration. Therefore, the 
first HA concentration was removed from the graph (figure 106), which gave a 
much better R2 value for the 336 h equilibration time study. 
For the following data sets: 1 x 10-2, 1 X 10-3, 1 x10-4 and 1.3 x 10-20 mol dm-3, 
higher free Ca concentrations were obtained after a 672 h equilibration than in the 
336 h equilibration. This suggests that either the HA was dissolving into solution 
over time or that the metal was being released from the HA(solid) after the 336 h 
equilibration time. 
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Figure 102: Free Ca concentrations obtained for HA(solid) and 1 x 10.2 mol dm'3 Ca 
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Figure 103: Free Ca concentrations obtained for HA(solid) and 1 x 10-3 mol dm-3 Ca 
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Figure 104: Free Ca concentrations obtained for HA(solid) and 1 x 10-4 mol dm-3 Ca 
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Figure 105: Free Ca concentrations obtained for HA(solid) and 1 x 10-5 mol dm-' Ca 
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Figure 106: Free Ca concentrations obtained for HA(solid) and 1 x 10-5 mol dm-l Ca 
without 0.01 g HA in 20 cml values. 
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Figure 107: Free Ca concentrations obtained for HA(solid) and 1.3 x 10-20 mol dm-3 Ca 
(just counts data set) 
Figure 108 illustrates the calculated conditional stability constants (log ~) obtained 
for HA(solid) and Ca. Table 28 indicates where the original data and calculation 
can be found in the appendix. The first table given indicates the log 13 results 
obtained after the 336 h equilibration period and the second table the results after 
672 h equilibration. 
Table 28: Tables of information of log (3 results obtained for HA(solid)-Ca 
M Concentration (mol dm-' ) Table Number 
1 x 10-2 Table F.3 and Table F.4 
1 x 10-3 Table F.7 and Table F.B 
1 x 10-· Table F.ll and Table F.12 
1 x 10-5 Table F.1S and Table F.16 
Just counts Table F.19 and Table F.20 
The conditional stability constants obtained are derived from the following 
equation: 
fJ [M"L, ) xviv 
[M ' ')'' [L)' 
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Where, [Mx+] = M concentration, [L), = ligand concentration and [MnLz] = the 
concentration of M-L. Therefore, if the M or L concentrations were too high the 
derived conditional stability constant were lower than the actual stability constant. 
Whereas, if the M or L concentrations were too low the derived conditional 
stability constant were higher than the actual stability constant. 
The lower stability constants obtained for the 1 x 10'2 and 1 x 10'3 mol dm,3 data 
sets were explained by the presence of too much ca. The high Ca concentrations 
resulted in a higher free ca concentration leading to a lower log ~ value, i.e. the 
HA was saturated with ca. The same logic could not be applied to the 1 x 10-4 mol 
dm,3 data set which gave the highest log ~ values. There was no explanation for 
this. 
The remarkable similarities between the just counts data set and the 1 x 10'5 mol 
dm,3 data set suggested that these were the actual log ~ values. At the two lowest 
HA concentrations (0.01 and 0.02 g/20 cm3) there was a decrease in the log ~ 
values. This was explained by a HA concentration which was too low resulting In 
the higher log ~ values. At the other HA concentrations a stable log ~ value of 2.3 
was obtained with a standard deviation of 0.10. 
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Figure 108: log IJ values obtained for the HA(solid)-Ca data set 
The absorbance at 500 nm and pH results for each sample were measured and 
are given in tables indicated in table 29. For all sample sets the absorbance results 
at 500 nm indicated that < 4 % of the HA(solid) was dissolving into solution. 
There was no increase in the concentration of HA dissolving with increasing 
equilibration times. All samples were within pH range 6.0-6.3. 
Table 29: Tables of information of absorbance at 500 nm and pH results obtained for 
HA(solid)-Ca systems 
M Concentration( mol dm-3) Table Number % of HA in solution 
1 x 10-2 Table F.5 < 1 % 
1 X 10-3 Table F.9 < 1.25 % 
1 x la" Table F.13 < 1.7 % 
1 x 10-5 Table F.17 < 4% 
Just counts Table F.21 < 4 % 
6.2.2 Europium 
Due to time constraints the HA(solid)-Eu study was prepared at only one 
equilibration time of 672 h. Initially samples were prepared to contain just counts, 
1 x 10-5 and 1 x 10-4 mol dm-3 Eu(N03h. and the CPM obtained can be seen in 
table f.22. The result showed that at these concentrations of Eu the results were 
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at background levels. The results were repeated and the same results 
(background levels) were obtained. 
Samples were therefore prepared at higher Eu concentrations of 1 x 10.2 and 1 x 
10-3 mol dm-3. Since these concentrations yielded reasonable free metal 
concentrations further samples were prepared at Eu concentrations of 8 x 10-3, 2 X 
10-3, 5 X 10-4 and 2 x 10-4 mol dm-3.The derived free Eu concentrations were 
calculated for all sample sets and can be seen in table 30. 
Table 30: Tables and figures for free Eu data for HA(solid) experiments 
M Concentration (mol dm·' ) Table Number Figure Number RL Value 
1 x 10.2 Table F.23 Flqure 109 0.785 
1 x 10·' Table F.26 Fiqure 110 0.976 
8 x 10·' Table F.29 Figure 111 0.602 
2 x 10-' Table F.32 Figure 112 0.963 
5 x 10" Table F.35 Figure 113 0.962 
2 x 10·' Table F.38 Figure 114 0.984 
For all sample sets except the two highest Eu concentrations (1 x 10-2 and 8 x 10-3 
mol dm·3) excellent R2 values were obtained. 
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Figure 109: Free Eu concentrations obtained for HA(solid) and 1 x 10-2 mol dm-3 Eu 
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Figure 110: Free Eu concentrations obtained for HA(solid) and 1 x 10" mol dm" Eu 
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Figure 111: Free Eu concentrations obtained for HA(solid) and 8 x 10" mol dm" Eu 
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Figure 112: Free Eu concentrations obtained for HA(solid) and 2 x 10-3 mol dm-3 Eu 
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Figure 113: Free Eu concentrations obtained for HA(solid) and 5 x 10" mol dm-3 Eu 
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Figure 114: Free Eu concentrations obtained for HA(solid) and 2 x 10-4 mol dm-3 Eu 
Figure 115 illustrates the derived conditional stability constants (log ~) obtained 
for HA(solid) and Eu. Table 31 indicates where the original data and derivation can 
be found in the appendix. 
Table 31: Tables of information of log p results obtained for HA(solid)-Eu 
M Concentration (mol dm-') Table Number 
1 x 10-< Table F_24 
1 x 10-3 Table F_27 
8 x 10-3 Table F.30 
2 x 10'3 Table F.33 
5 x 10-' Table F.36 
2 x 10-' Table F.39 
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Figure 115: Log IJ values obtained for the HA(solid)-Eu data set 
The lower log p values obtained for data sets: 1 x 10-2, 1xlO-3, 8 X 10-3 and 2 x 10-
3 mol dm-3 were due to the Eu concentration being too high, which resulted in a 
higher free Eu concentration, and therefore a lower log ~ value. Log ~ values for 
the 1 x 10-2 mol dm-3 data set were only shown at the two highest HA 
concentrations. Since the Free Eu concentration was too close to the added Eu 
concentration no conditional stability constant was derived. 
The 2 x 10-4 and 5 x 10-4 mol dm-3 Eu data sets gave a log ~ value of 4.03 with a 
standard deviation of 0.06. The near identical results obtained between the two 
data sets indicated that this was the correct Eu concentration range to measure 
the log ~ value for the HA(solid)-Eu data set. 
The absorbance at 500 nm and pH results for each sample are given in tables 
indicated in table 32. For all sample sets the absorbance results at 500 nm 
indicated that < 4 % of the HA(solid) was dissolving into solution (from figure 95). 
All samples were within pH range 6.0-6.3. 
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Table 32: Tables of information of absorbance at 500 nm and pH results obtained for 
HA(solid)-Cd systems 
M Concentration (mol dm·3) Table Number % of HA in solution 
1 x 10·' Table F.25 < 3 % 
1 X 10·' Table F.28 < 4 % 
8 x 10·' Table F.31 < 2 % 
2 x 1O.j Table F.34 < 3 % 
5 x 10" Table F.37 < 1 % 
2 X 10" Table FAO <2% 
6.3 Aqueous Versus Solid HA 
Samples were prepared to compare the log 13 results of HA(solid) and 
HA(aqueous) with ca and Eu. The resulting log 13 values can be seen in table 33. 
For both the HA(aqueous) and HA(solid) the log 13 value increased from Ca to Eu. 
This was as expected since ca is a 2+ cation and Eu a 3+ cation. The log 13 values 
obtained for HA(aqueous) and HA(solid) were not the same for either Ca nor Eu. 
This work concluded that the HA(solid) did not have the same log 13 values as for 
HA(aqueous). Therefore, HA(solid) should not be used as an alternative to 
HA(aqueous) as a means of measuring log 13 values. This work also indicated that 
HA(solid) had a lower stability constant than HA(aqueous) this is of importance 
when considering metal interactions in the environment. The lower stabil ity 
constant for the HA(solid) was explained by the smaller surface area of HA. To 
prepare HA(solid) the material was precipitated out of solution (section 3.1.2.2) 
and by doing so the surface area of the HA was decreased due to folding of the 
HA molecule.s With a decreased surface area it was not surprising that the 
stability constant of HA(solid) was lower than that of HA(aqueous). 
Table 33: Comparison of log P of HA(solid) and HA(aqueous) with Ca and Eu 
Mean Log 13, SO and section Jog 13 was derived in 
Ca Eu 
HA(aqueous) Log 13 = 3.83, 50 = 0.11 (section 6.1.1) Log 13 = 5.05, SO = 0.12 (section 6.1.2) 
HA(solid) Log 13 = 2.30, SO = 0.10 (section 6.2.1) Log 13 = 4.03, SO = 0.06 (section 6.2.2) 
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Chapter 7 
Work 
Conclusions and Further 
7.1 M-HA Interactions 
The aim of this work was to further knowledge on metal binding to HA's, and in 
particular to further understand which functional groups on the HA molecule 
metals complex to. Work from previous authors (section 1.3 ) suggested that 
carboxylic acid functional groups were the predominant binding site for metals. 
However, they also provided conflicting views as to whether metals complex to 
phenolic functional groups and/or to nitrogen containing functional groups (e.g. 
amine or nitro groups). 
Investigations were carried out at pH 6 using CPMAS SSNMR spectroscopy. Metal 
binding to HA was explored using the following metals: Eu, Cd, ee, Ca, Ba, Sr and 
Zn. Two separately prepared HA-Cd samples were analysed by BC SSNMR 
spectroscopy twice, and the resulting BC spectra were peak fitted using Toss 1.3 
95. From these spectra a significant chemical shift difference was obtained, which 
was found to be 2 ppm (w.v) for the region of the spectrum of interest (Le. > 45 
ppm (w.v». Any chemical shift difference greater than 2 ppm (w.v) when 
comparing the HA BC spectra with a HA-M BC spectra (where M = Eu, Cd, Ce, Ca, 
Ba, Sr or Zn), was deemed not to be due to errors in the preparation of the 
samples or in the experimental technique but to metal binding. Analysis of a 
HA+Cd, sample which had been ground together (using a pestle and mortar), by 
BC SSNMR spectroscopy was found to be within the 2 ppm (w.v) significant 
chemical shift difference of the original HA spectrum. This result confirmed that 
only metal complexation to the HA molecule caused chemical shift differences 
larger than 2 ppm when comparing to the HA l3C SSNMR spectrum. 
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Analysis of the following 13C spectra: HA-Ce, HA-Ca, HA-Cu, HA-Ba, HA-Sr and HA-
Zn, and a comparison with the 13C HA spectrum revealed chemical shift 
differences> 2 ppm in the region of the spectrum assigned to phenolic functional 
groups. Studying an expected structure of HA (figure 1) revealed that the 
predominant chemical environment for a phenolic functional group was attached 
to an aromatic ring. Therefore, it is very unlikely that the change in chemical shift, 
in the region of the 13C spectrum assigned to phenolic functional groups, was due 
to metals complexation to a nearby functional group. It is much more likely that 
the chemical shift difference was due to the metals complexing to the phenolic 
functional group itself. 
For all of these samples, chemical shift differences were also seen in the 13C 
spectra in the region assigned to nitrogen containing functional groups. However 
after studying an expected structure of HA (figure 1) the complexity of this region 
of functional groups was realised. Metal complexation to a nearby functional group 
would also have caused changes to the chemical environment of the nitrogen 
containing functional groups. Therefore, from this work it was concluded that 
there was no evidence that metals were binding to the nitrogen containing 
functional groups on the HA molecule was observed. 13C SSNMR analysis of the 
HA-Cd sample and comparison with the 13C spectrum from HA, revealed no 
chemical shift differences in the regions assigned to phenolic functional groups or 
nitrogen containing functional groups greater than 2 ppm. This did not mean that 
Cd was not complexing to the phenolic functional groups or to the nitrogen 
containing functional groups. The changes in chemical shift may just be within the 
2 ppm significant chemical shift difference limit. 13C analysis of the HA-Eu sample 
revealed that the paramagnetic nature of Eu destroyed the 13C signal. Therefore, 
no information on Eu binding to HA was obtained. Analysis of the same samples 
by IR spectroscopy yielded no further information on metal binding to HA. 
To further this work studying HA in its colloidal aqueous form would be of interest. 
Investigating colloids using solution NMR spectroscopy results in very broad lines, 
which often obscure data that is of interest. A small glass vial, which is of the 
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perfect size to fit into the 2.5 mm rotor (used during the SSNMR spectroscopy 
studies), could be used. The colloidal sample is injected into the vial, and the vial 
can be sealed (using glue). The sealed vial can then be placed inside the rotor and 
placed into the SSNMR spectrometer. Spinning the sample will reduce the line 
broadness which would have been seen in the solution NMR spectra, allowing the 
aqueous colloidal HA sample to be investigated. It would also to be of interest to 
repeat the above experimentation using the same metals, but at different pH's. 
Preparing samples at both lower and higher pH's than the pH 6 samples 
investigated here may reveal information as to the importance of different 
functional groups at different pH's. FllR spectroscopy could also be used as a 
means of investigating M binding to the solid HA samples further. 
7.2 Ternary Complexes of HA, Metal and 
Carbonate 
Finding direct evidence for the formation of ternary complexes of HA, M and a 
further ligand has proved difficult (section 1.4 ) and in the literature there was 
much debate as to whether these complexes form. If these complexes form in the 
environment then it would be imperative to include them in speciation 
programmes that model metal interactions in the environment. Four different 
experimental methods were employed in this work in an attempt to find a method 
which can provide direct evidence as to whether these complexes do form. All 
experimental work in this section was carried out at pH 6. 
Due to dissociation of its functional groups at pH 6 HA was negatively charged in 
solution, which resulted in a large negative zeta potential. When metal was added 
to HA an increase in zeta potential was observed due to a decrease in the overall 
negative charge on the HA molecule (section 2.2 ). However, for this to occur a 
critical metal concentration must be reached, below which no increase in zeta 
potential is observed with increasing metal concentration. When NaCl was added 
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to the HA-M systems (where M = Eu, Cd, Ce, AI and NI) differences in the zeta 
potential results were not observed. This indicated that the addition of Na and the 
change in ionic strength did not affect the zeta potential results. When NaHC03 
was added to the HA-M systems (where M = Eu, Cd, Ce and AI over a 
concentration range), an increase in the negative zeta potential was observed. 
This was explained by the formation of a ternary complex of the type HA-M-
(HC03)x since complexation of the HC03 to the HA-M sample increased the overall 
negative charge on the HA molecule and therefore resulted in a greater negative 
zeta potential than was observed in the HA-M system. During this experimental 
work the absorbances at 500 nm of the samples were measured (after filtering the 
samples) to indicate how much HA remained in solution. When measuring the 
absorbances of the samples another critical metal concentration was observed 
above which the HA flocculated out of solution. For Eu, Cd and Ce the HA 
flocculated out of solution at a metal concentration higher than the critical metal 
concentration required in the zeta potential measurements. However, this was not 
the case with the AI work. The absorbance data were also used to confirm that 
the lower zeta potential results obtained when NaHC03 was added to the systems 
were not due to the metals forming metal carbonate species and therefore not 
complexing to HA. Samples were also analysed with Ni, which revealed no 
differences in the zeta potential results when NaHC03 was added to the system. 
From this work direct evidence for the formation of ternary complexes of HA, M 
and HC03 was obtained for the following metals: Eu, Cd and Ce. Since the AI zeta 
potential data could be due to flocculation of the HA these data were not 
considered direct evidence although there appeared to be no other explanation for 
the results other than the formation of a ternary complex. 
The use of a l3C Na2C03 sample and l3C SSNMR analysis allowed the chemical 
environment of the C03 to be investigated. From the l3C spectrum of the Na2C03 
sample a chemical shift of 165.3 ppm was obtained. A HA-Na2C03 sample was 
prepared and the resulting !3C spectra showed one peak at a chemical shift of 
165.1 ppm. This was comparable to the Na2C03 sample which showed that the HA 
was not interacting with the Na2C03. Analysis of the Cd-Na2C0 3 sample by !3C 
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SSNMR spectroscopy revealed a peak at a chemical shift of 164.4 ppm. Although 
this result was within 1 ppm of the Na2C03 chemical shift the obtained SSB pattern 
gave CSA parameters which were very different. This showed that the Cd was 
interacting with the Na2C03 to form an expected Cd(HC03)2 sample. When a Cd 
sample was ground with the NaZC03 sample a BC chemical shift of 165.4 ppm was 
obtained. This showed that the Cd in close proximity to the Na2C03 did not alter 
the chemical shift of the BC peak, only the complexation of the Cd to the NaZC03 
sample caused a change in the chemical shift of the BC peak. BC analysis of the 
HA-Cd-NazC03 sample illustrated one peak at a chemical shift of 171.3 ppm and a 
SSB pattern which was very different to those previously obtained. The differences 
in the results obtained indicated that a ternary complex of HA, Cd and HC03 had 
formed . 
BC SSNMR analysis of the Ce-NaZC03 sample illustrated two different chemical 
environments of the BC with chemical shifts of 142.8 and 159.6 ppm. The 
difference between this result and the BC spectrum of the Na2C03 sample 
indicated that the Ce was complexing with the NaZC03 to form an expected Ce-
(HC03). sample. However, 13C analysis of the HA-Ce-NazC03 sample showed a 
distorted spectrum. The differences observed suggested that a ternary complex of 
the HA, Ce and HC03 is formed. However, due to the complications discussed this 
was not considered direct evidence. 
The following powder samples were analysed by XRD: Na2C03, Cd-Na2C03, HA, 
HA-Cd, HA-Cd-Na2C03. Differences were seen in the XRD patterns obtained from 
the NaZC03 and Cd-Na2C03 samples, which showed that an expected Cd(HC03)z 
sample had formed. Differences in the XRD patterns obtained from the HA and 
HA-Cd sample illustrated that the Cd had complexed to the HA altering its XRD 
pattern. However, the XRD pattern obtained for the HA-Cd-NazC03 sample was 
comparable to the XRD pattern of the Na2C03 sample. Therefore, preliminary 
powder XRD analysis did not provide evidence for the formation of a ternary 
complex of the type HA-Cd-HC03. 
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Preliminary experiments were also carried out using HPSEC, but due to the column 
breaking no evidence of ternary complexes was found. The experimental work can 
be found in appendix D. 
The work undertaken during this PhD showed that ternary complexes of the type 
HA-M-(HC03)x exist and therefore, should be taken into consideration when 
modelling metal interactions in the environment. Two techniques were found to be 
able to provide direct evidence of the formation of ternary complexes, these being 
zeta potential measurements and BC SSNMR spectroscopy. 
To further the work carried out during this thesis, SSNMR spectroscopy could be 
used to investigate if other M's formed ternary complexes with HA and HC03. The 
formation of ternary complexes in solution could also be carried out using a 
technique discussed more in section 7.1. Powder diffraction could also be 
exploited further as a means of investigating ternary complexes. As discussed 
previously one explanation for the results obtained earlier was an excess of Cd. 
Therefore CdC03 or Cd(HC03)x complexes would form, which dominate the XRD 
pattern. Samples should therefore be investigated with HA and a range of Cd 
concentrations and HA with a range of Cd and Na2C03 concentrations. 
7.3 Solid Vs Aqueous HA - Metal Binding 
Determining HA-M stability constants can be difficult due to separating the metal, 
which is free in solution, from that bound to HA. If an immobilised HA sample 
could be used this would eliminate the need for a separating step. Conditional 
stability constants were determined for HA(aqueous) with ca (log 13 = 3.83) and 
Eu (log 13 = 5.05), and for HA(solid) with ca (log 13 = 2.30) and Eu (log 13 = 4.03). 
Since results between the HA(aqueous) and HA(solid) were not comparable, 
HA(solid) should not be used as an alternative to HA(aqueous) to measure 
conditional stability constants. The reason for this may be that some binding sites 
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which have the potential to bind Ca or Eu, are occupied with H from the 
purification step. 
To further this work, investigating HA immobilised onto different anion exchange 
resins would be of Interest. Initial testing of the stability of the HA attached to the 
anion exchange resin over time would be required. If the HA attached to the anion 
exchange resin was stable then experiments could be prepared to derive the 
conditional stability constants of M's to this HA(resin). These values could then be 
compared with the conditional stability constants derived for HA(aqueous) with Ca 
and Eu during this study. 
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Appendix A 
Table A.l: 13C SSIIIMR peak fitting Information for a HA sample (correlating to figure 
19) 
Nudeus Number Peak fittlnglnformatJon 
Nuc 1 Intensity 10407027.9 
!) ppm 18.116 
Line Broadening 526.95 
xG/(l-x)L 0.1 
Nuc2 Intensity 18792235.7 
!) ppm 23.195 
Line Broadening 1027.67 
xG/(l-x)L 0.353 
Nuc3 Intensity 93661571.6 
llppm 33.32 
Line Broadenlno 1350.04 
xG!(l-x)L 0.043 
Nuc4 IntenSity 181055782.7 
II ppm 34.69 
Line Broadening 147.42 
xG/(l-x)L 0.173 
Nuc5 IntenSity 24396624.1 
II ppm 43.603 
Line Broadening 1186.71 
xG/(l-x)L 0.092 
Nuc6 Intensity 14686536 
II ppm 52.177 
Line Broadening 1134.81 
xG/(l-x)L -0.02 
Nuc7 Intensity 15740865.2 
II ppm 58.313 
Line Broadening 485.74 
xG/(l-x)L 0.046 
Nuc 8 Intensity 22199283.8 
llppm 78.001 
Line Broadening 3843.48 
xG/(l-x)L 0.063 
Nuc9 IntenSity 15418355.2 
II ppm 111.618 
Line Broadenlno 2755.86 
xG/(l-x)L 0.162 
Nuc 10 Intensity 50724495 
II ppm 129.01 
Line Broadening 3031.82 
xG/(l-x)L 0.11 
Nuc 11 Intensity 2332367.9 
llppm 149.782 
Line Broadenino 51.53 
xG/(l-x)L 0.098 
Nuc 12 Intensity 17232513.9 
172 
II ppm 152.753 
Line Broadening 2192.97 
xG/(l-x)L 0.108 
Nuc 13 Intensity 20526147 
II oom 172.207 
Line Broadening 2691.42 
xG/(l-x)L 0.1 
Nuc 14 Intensity 6809076.4 
II oom ·202.852 
Line Broadening 2339.13 
xG/(l-x)L 0.099 
Nuc 15 Intensity 4879187 
II oom 242.586 
Line Broadening 3279.26 
xG/(l-x)L 0.095 
Table A.2: 13C SSNMR peak fitting Information for a HA-Cd sample (correlating to figure 
21) 
Nudeus Peak fitting Information 
Nuc 1 Intensity 5056609.9 
II oom 16.507 
Line Broadening 180 
xG/(1-x)L 0.1 
Nuc2 Intensity 5106194 
II ODm 18.211 
Line Broadening 290 
xG/(l-x)L 0.1 
Nuc3 Intensity 6622571.3 
II oom 22.383 
Line Broadening 1019.35 
xG/(l-x)L 0.1 
Nuc4 Intensity 19966935.6 
II ppm 30.031 
Line Broadening 1534.61 
xG/(l-x)L 0.1 
Nuc5 IntenSity 9534992.2 
II oom 31.95 
Line Broadening 330 
xG/(l-x)L 0.1 
Nuc 6 IntenSity 42454495.1 
II ppm 34.206 
Line Broadenlna 420.62 
xGf(l-x)L 0.101 
Nuc7 Intensity 88713452.3 
II ppm 34.578 
Line Broadening 51.31 
xG/(l-x)L 0.1 
Nuc8 Intensity 7931824.3 
llppm 41.952 
Line Broadening. 840.16 
xG/(l-x)L -0.949 
Nuc9 IntenSity 2489766.4 
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li ppm 51.334 
Une Broadening 524.91 
xG/(l-x)L 0.099 
Nuc 10 Intensity 2980874.7 
li ppm 57.711 
Une Broadening 411.53 
xG/(l-x)L 0.099 
Nuc 11 Intensity 2534738.1 
li ppm 77.348 
Une BroadenlnQ 1138.11 
xG/(l-x)L 0.753 
Nuc 12 Intensity 11858814.1 
li ppm 130.801 
Une Broadening 2759.73 
xG/(l-x)L 0.102 
Nuc 13 Intensity 4017170.6 
li ppm 152.2 
Une Broadening 2890.4 
xG/(l-x)L 0.101 
Nuc 14 Intensity 4990702.6 
li ppm 180.891 
Une BroadeninQ 1488.02 
xG/(l-x)L 0.097 
Nuc 15 Intensity 1889917.9 
li ppm 206.347 
Une Broadening 2302.13 
xG/(l-x)L 0.101 
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Table A.3: ue SSNMR peak fitting information for a HA-Cd sample (correlating to figure 
21) all values were out by 8.2 ppm ... which could be seen by the largest of the peaks at 
26 ppm. Therefore 8.2 was added to all values given below 
Nudeus Number Peak fittiiiii Information 
Nuc 1 IntensItY 114771800.2 
li oom 34.578 
Une Broadenina 50 
xG/Cl-x)L 0.1 
Nuc 2 Intensitv 3043346.1 
lioom 77.448 
Une BroadeninQ 2950 
xGf(l-x)L 0.1 
Nuc 3 Intensitv 15832505.6 
li oom 129.326 
Une Broadenlna 3230 
xG7h-xfL 0.1 
Nuc4 IntenSitY 3073188.5 
li oom 154.412 
Line Broadenlna 1090 
xGf(l-x)L 0.1 
Nuc5 Intensitv 5519005 
li DDm 178.679 
Une BroadenirlQ 1380 
xG/(l-x)L 0.1 
Nuc6 Intensitv 1340822 
liDPm 205.666 
Une Broadenlna 2780 
xGf(l-x)L 0.1 
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Table A.4: Uc SSNMR peak fitting Information for a HA+Cd(ground) sample 
(correlating to figure 23) all values were out by 8.02 ppm ... which could be seen by the 
largest of the peaks at 26 ppm. Therefore 8.02 was added to all values given below 
Nudeus Number Peak fitting/nformation 
Nuc 1 Intensltv 39935113.4 
a ccrn 32.552 
Line Broadenlna 147.49 
xGIC1-x)l 0.095 
Nuc2 IntensitY 150.100856.1 
aDorn 34.684 
Line Broadenlna 164.82 
xGf(l-x)l 0.097 
Nuc3 Intensitv 39694679.3 
aDorn 34.694 
Line BroadeninQ 3429.05 
xGf(l-x)l 0.9 
Nuc4 Intensitv 5066274.7 
a ccrn 52.545 
Line Broadenlna 518.78 
xGlC1-x)l 0.104 
Nuc5 IntensitY 13784064.5 
aDorn 58.202 
Line BroadeninQ 329.39 
xGf(l-x)l 0.101 
Nuc6 Intensltv 17189009.7 
a ccrn 76.833 
Line Broadenlna 4740.54 
xGIC1-x)l 0.106 
Nuc7 Intensitv 12455346 
a DDrn 114.448 
Line BroadenlnQ 2381.44 
xG/Cl-x)l 0.11 
Nuc8 Intensity 35661104/.3 
a ccrn 130.482 
Line Broadenlna 2562.01 
xGf(l-x)l 0.152 
Nuc9 Intensltv 16040123 
a DDrn 153.621 
Line BroadenlnQ 3216.51 
xG/cl-x)l 0.127 
Nuc 10 Intensitv 14056822.5 
a corn 173.697 
Line Broadenlna 2395.93 
xGlC1-x)l 0.119 
Nuc 11 IntenSitY 6739890.2 
aDorn 202.031 
Line Broadenina 4526.08 
xGl(l-x)l 0.093 
Nuc 12 Intensltv 3378860.6 
a ccrn 247.969 
Line Broadenina 2798.12 
xG/71-XfL. 0.104 
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Table A.S: 13C SSNMR peak fitting information for a HA-Ce sample (correlating to figure 
27) 
Nudeus Number Peak fittina Information 
Nuc 1 Intensitv 5412319.1 
(5oom 11.668 
Line Broadenlna 1000 
xGf(l-x)L 0.11 
Nuc 2 IntensItY 7615676.6 
(5oom 19.416 
Line Broadenlna 970 
xGlCl-x)L 0.1 
Nuc 3 Intensitv 6514824.7 
(500m 24.013 
Line Broadenlna- 440 
xGf(l-x)L 0.1 
Nuc4 Intensltv 14501310.1 
(5oom 26.245 
Line Broadenlna 460 
xGICl-x)L 0.1 
Nuc5 IntensItY 26815901.8 
(5ppm 28.315 
Line BroadenlnQ 250 
xGICl-x)L 0.1 
Nuc6 IntensitY 8645710.1 
(5oom 33.862 
Line Broadenlna 1530 
xG/fl-x)L 0.1 
Nuc7 Intensitv 3133742.1 
(500m 48.832 
Line BroadeniM 1480 
xG/(1-x)L 0.1 
Nuc8 IntensitY 1762095.8 
(5oom 78.483 
Line Braadenlna 2500 
xGf(l-x)L 0.1 
Nuc9 Intensitv 7541723.9 
(5oom 125.277 
Line BroadenlM 4340 
xGtCl-x)L 0.1 
Nuc 10 Intensltv 2162840.9 
(5oom 149.845 
Line Broadenina 3080 
xGl(l-x)L 0.1 
Nuc 11 IntensItY 3699191.9 
(5 DPm 165.247 
Line Broadenina 50 
xGf(l-x)L 0.1 
Nuc 12 Intensitv 1694642.4 
(5oom 170.38 
Line Broadenina 2880 
xGH1-x)L 0.1 
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Nuc 13 IntensitY 1216160.4 
15 oom 196.416 
line Broadenlna 1670 
xGf(l-xlL 0.1 
Nuc 14 Intensltv 670627.6 
15 oom 253.547 
line Broadenlna 3970 
xGf(l-xlL 0.1 
Table A.6: 13C SSNMR peak fitting Information for a HA-ca sample (correlating to figure 
28) 
Nudeu$ Number Peak fittina Information 
Nuc 1 Intensitv 2690752.8 
15 oom -3.364 
line Broadenlna 2170 
xG711-XfL 0.1 
Nuc 2 IntensItY 6412735.4 
15 oom 9.501 
line Broadenlna 1090 
xGl(l-xlL 0.1 
Nuc3 Intensltv 13073958 
l500m 18.363 
line Broadenlno 1650 
xG/(l-Jell 0.1 
Nuc4 Intensltv 32084124.1 
15 oom 26.367 
line Broadenlna 900 
xGf(l-xlL 0.1 
Nuc 5 Intensltv 35029257 
15 oom 27.511 
line Broadenina 50 
xG711-XfL 0.1 
Nuc6 IntensitY 8104980.1 
15 oom 35.515 
line BroadenlnQ 1560 
xG/{l-xlL 0.1 
Nuc 7 Intensltv 3400810.5 
15 oom 44.949 
line Broadenlna 640 
xG/71-x)L 0.1 
Nuc8 Intensity 5024546 
15 oom 50.666 
line Broadenlna 620 
xG/ll-xlL 0.1 
Nuc9 IntensItY 2690752.8 
1500m 68.109 
line Broadenino 2090 
xG711-XfL 0.1 
Nuc 10 IntensitY 1988383.5 
15 nom 111.026 
line Broadenlna 1440 
xGf(l-xlL 0.1 
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Nue 11 Intensity 9661252.5 
li nom 123.634 
Line Broadenina 2140 
xG/fl-x)L 0.1 
Nue 12 Intensitv 3605866 
li oom 147.012 
Line Broadenina 2760 
xG/(1-x)L 0.1 
Nue 13 Intensliv- 4832205.4 
li oom 169.38 
Line Broadenina 1200 
xGf(l-x)L 0.1 
Nue 14 Intensity 1359013 
li-Dilm 202.016 
Line Broadenina 2690 
xGf(l-x)L 0.1 
Nue 15 Intensitv 1949954.2 
li oom 247.486 
Line Broadenina 2160 
xG7ll-Xli. 0.1 
Table A.7: ne SSNMR peak fitting Infonnatlon for a HA-Cu sample (correlating to figure 
29) 
Nudeus Number Peak fittlna Information 
Nue 1 Intensitv 4651525.6 
li nom 10.354 
Line Broadenina 450 
xG/(l-x)L 0.1 
Nue 2 Intensity 2667088.4 
lioom 14.695 
Line Broadeninq 630 
xGf(l-x)L 0.1 
Nue3 Intensitv 6872421.8 
li oom 19.196 
Line Broadenina 1050 
xGf(l-x)L 0.1 
Nue4 Intensity 18960388.2 
lioom 24.502 
Line Broadeninq 590 
xGf(l-x)L 0.1 
Nue 5 Intensitv 35405461 
li nom 27.235 
Line Broadenina 270 
xGlll-xlt 0.1 
Nue6 IntensitY 8685972.3 
li nom 32.54 
Line Broadenina 1170 
xG/(l-x)L 0.1 
Nue7 Intensitv 1787660.9 
li oom 43.472 
Line Broadeninq 1520 
xe;J(l-xlL 0.1 
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Nuc8 Intensity 810995.6 
/loom 49.421 
Line Broadenlno 680 
xG7f1-XfL 0.1 
Nuc9 Intensity 1621461.2 
/I oom 73.892 
Line Broadenlna 1180 
xG/fl-x)L 0.1 
Nuc 10 Intensity 995436.5 
/I oom 104.237 
Line Broadenino 1000 
xGlll-x)L 0.1 
Nuc 11 Intensity 1970896.2 
/I oom 122.248 
Line Broadenlna 210 
xG7f1-XfL 0.1 
Nuc 12 Intensity 4651525.6 
/I oom 123.5 
Line Broadenlna 2010 
xG/fl-x)L 0.1 
Nuc 13 Intensity 1442288.8 
/I oom 124.8 
Line Broadenino 100 
xGlf1-XfL 0.1 
Nuc 14 Intensity 3370901.3 
/I Dom 142.17 
Line Broadenina 2120 
xGlll-x)L 0.1 
Nuc 15 Intensity 3057506.9 
/I Dom 167.663 
Line Broadenlna 3100 
xG7li-XfL 0.1 
Nuc 16 IntenSitY 1258120.4 
/I Dom 201.736 
Line Broadenlna 1990 
xGlll-x)L 0.1 
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Table A.S: 13C SSNMR peak fitting information for a HA-Ba sample (correlating to figure 
30) 
Nudeus Number Peak fittln/i Information 
Nue 1 IntensitY- 7162867 
15 nom 9.423 
Line Broadenlno 410 
xG/(1-x)L 0.1 
Nue 2 Intensltv 13506654 
l500m 14.934 
Line Broadenlnq 1340 
xGf(l-x)L 0.1 
Nue 3 Intensitv 12863480 
15 com 20.965 
Line Broadenlno 1180 
xGR1-ili 0.1 
Nue4 Intensitv 48496166.7 
15 nom 25.441 
Line Broadenlna 720 
xGHl-x)L 0.1 
Nue5 Intensltv 101808668.5 
15 com 27.216 
Line Broadenlno 140 
xG7l1-X)L 0.1 
Nue6 IntensitY 18100208.2 
15 ppm 33.807 
Line Broadenll'lii 1770 
xGf(l-x)L 0.1 
Nue7 Intensltv 4943655.7 
15 com 44.898 
Line Broadenlno 400 
xG/Cl-x)L 0.1 
Nue8 IntenSitY 8455328.9 
l500m 50.735 
Line Broadenlna 480 
xG/(1-x)L 0.1 
Nue9 Intensltv 5241738.8 
15 com 106.825 
Line Broadenino 2020 
xG7l1-x)L 0.1 
Nue 10 IntenSitY 27004480.3 
15 nom 123.319 
Line Broadenlna 2810 
xG/Cl-x)L 0.1 
Nue 11 Intensitv 11554256.9 
l500m 146.854 
Line Broadeni!iQ 2850 
xG/Cl-x)L 0.1 
Nue 12 Intensitv 15635640.4 
15 corn 171.722 
Line Broadenino 2110 
xG7l1-XfL 0.1 
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Nuc 13 IntensitY 7521010.4 
Ii oom 197.982 
Line Broadening 3100 
xGf(l-x)L 0.1 
Nuc 14 Intensltv 3653209.4 
Ii oom 222.184 
Line Broadenlna 3320 
xGf(l-x)L 0.1 
Nuc 15 Intensitv 6009044.4 
liDrin 243.851 
Line BroadenlriQ 2460 
xGlll-x)L 0.1 
Nuc 16 Intensltv 2178050.7 
Ii corn 268.448 
Line Broadening 1670 
xG7f1-XfL 0.1 
Table A.9: ne SSNMR peak fitting Information for a HA-Sr sample (correlating to figure 
31) 
Nudeus Number Peak fltt/no Information 
Nuc 1 Intensitv 8349320.9 
Ii oom 9.542 
Line Broadening 390 
xG711-XfL 0.1 
Nuc2 Intensltv 10552607.6 
Ii oom 13.841 
Line Broadenliiil 770 
xGlll-x)L 0.1 
Nuc3 Intensitv 13207802.5 
Ii oom 18.661 
Line Broadening 650 
xG711-x)L 0.1 
Nuc4 IntenSliV 3116214.3 
Ii oom 22.438 
Line Broadening 280 
xGlll-x)L 0.1 
Nuc 5 Intensltv 46054982.6 
Ii oom 25.386 
Line Broadening 750 
xGll1-X)L 0.1 
Nuc6 IntensItY 71446394 . 
Ii oom 27.192 
Line Broadenlna 130 
xGf(l-x)L 0.1 
Nuc 7 Intensltv 7426716.4 
lioom 32.8 
Line Broadeninq 340 
xG/U-x)L 0.1 
Nuc8 IntenSitY 8349320.9 
Ii oom 36.104 
Line Broadenlna 740 
xG/Cl-x)L 0.1 
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Nuc 9 Intensity 410616.1 
li ppm 45.488 
Line BroadenlnQ 1510 
xG/(l-x)L 0.1 
Nuc 10 Intensity 2441635.4 
li ppm 73.193 
Line Broadening 1100 
xG/(l-x)L 0.1 
Nuc 11 Intensity 3369226.4 
li ppm 112.155 
Line Broadening 1720 
xG/(l-x)L 0.1 
Nuc 12 Intensity 14420200.7 
lipom 122.904 
Line BroadenlnQ 1800 
xG/(l-x)L 0.1 
Nuc 13 Intensity 4694803.5 
li ppm 130.84 
Line Broadening 1080 
xG/(l-x)L 0.1 
Nuc 14 Intensity 5329783.9 
li ppm 146.353 
Line BroadenlnQ 2980 
xG/Cl-x)L 0.1 
Nuc 15 Intensity 5329783.9 
li ppm 172.67 
Line Broadening 2490 
xG/(l-x)L 0.1 
Nuc 16 Intensity 2236351.6 
li PDm 199.344 
Line Broadenina 1870 
xG/C1-x)L 0.1 
Nuc 17 IntenSity 1107679.6 
lippm 247.518 
Line Broadening 2400 
xG/(l-x)L 0.1 
Table A.10: 13C SSNMR peak fitting information for a HA-Zn sample (correlating to 
figure 32) 
Nudeus Number Peak fitting information 
Nuc 1 Intensity 7822339.2 
li ppm -8.044 
Line Broadening 2680 
xG/C1-x)L 0.1 
Nuc2 Intensity 18642586.6 
li ppm 9.529 
Line Broadening 1310 
xGf(l-x)L 0.1 
Nuc 3 Intensity 21371559.2 
li ppm 16.523 
Line Broadening 1310 
xG/Cl-x)L 0.1 
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Nuc4 Intensity 8540383.7 
Ii ppm 19.751 
Line Broadening 470 
xG/(l-x}L 0.1 
Nuc5 Intensity 63130415.4 
lippm 24.772 
Line Broadenina 830 
xG/(l-x)L 0.1 
Nuc6 Intensity 122578164.5 
lippm 27.103 
Line Broadening 180 
xGf(l-xlL 0.1 
Nuc7 Intensity 19384634.2 
Ii ppm 33.807 
Line Broadening 1300 
xG/(l-x}L 0.1 
Nuc8 Intensity 11900483.8 
lippm 47.562 
Line Broadenina 1860 
xG/(1-x)L 0.1 
Nuc9 Intensity . 6129007.5 
Ii ppm 69.977 
Line Broadening 1860 
xG/(l-x}L 0.1 
Nuc 10 Intensity 7596666.6 
Ii DDm 110.191 
Line Broadenina 2050 
xG/(l-x}L 0.1 
Nuc 11 Intensity 24026500.8 
Ii ppm 123.32 
Line Broadening 1840 
xG/(l-x}L 0.1 
Nuc 12 Intensity 9601336.8 
Ii ppm 142.628 
Line Broadening 2500 
xG/(l-xlL 0.1 
Nuc 13 Intensity 12495508 
Ii PDm 169.272 
Line Broadening 1760 
xG/(l-x}L 0.1 
Nuc 14 Intensity 3282215.7 
lippm 201.709 
Line Broadenina 2660 
xG/(l-x)L 0.1 
Nuc 15 Intensity 3762678.9 
Ii ppm 245.731 
Line Broadening 2060 
xG/(l-x}L 0.1 
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Appendix B 
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Figure B.l: KBr IR analysis of HA-Ce 
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Figure B.3: KBr IR analysis of HA-Cu 
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Figure B.S: KBr IR analysis of HA-Sr 
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Figure B.6: KBr IR analysis of HA-ln 
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Appendix C 
Table C.l: Zeta potential and pH results of samples containing varying concentrations 
of HA at", pH 6 
SamDle Set 1 Sample Set 2 
HA Concentration Zeta Potential Error pH Zeta Potential Error pH 
(ppm) (w.v) (mV) (+/-) (mV) (+/-) 
100 -35.2 1.5 6.01 -37.3 2.0 6.02 
90 -35 2.4 6.01 -38.5 3.2 6.01 
80 -39.2 3.6 6.00 -36.9 1.9 6.01 
70 '-37.4 2.6 6.00 -37.1 2.6 6.02 
60 -41.4 3.8 6.01 -36.0 3.3 6.03 
55 -35.4 3.6 6.03 -38.3 2.5 6.02 
50 -38.3 2.2 6.01 -35.3 3.5 6.02 
45 -37.6 2.5 6.01 -34.3 3.5 6.02 
40 -37.4 2.7 6.01 -38.2 3.4 6.01 
35 -38.7 4.5 6.00 -35.3 2.7 6.01 
30 -36.0 3.7 6.00 -33.6 2.9 6.01 
25 -50.1 4.0 6.01 -38.9 5.8 6.01 
20 -38.4 2.6 6.01 -34.7 1.5 6.01 
15 -38.6 2.7 6.01 -38.4 1.0 6.02 
10 -40.8 4.6 6.00 -37.6 4.0 6.01 
5 -37.3 3.7 6.01 -35.1 2.1 6.01 
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Table C.2: pH, absorbance (at 254 nm after filtering samples) and zeta potential of 
samples containing HA (50 ppm (w.v» with NaCI and NaHC03 at,., pH 6 
Sample Summary Zeta Potential Error (+/-) Absorbance pH 
(mV) 
HA-l -36.5 2.0 1.3725 6.01 
HA-2 -37.5 3.4 1.3832 6.01 
HA-3 -39.9 3.7 1.3826 6.01 
HA-4 -38.9 2.6 1.3919 6.01 
HA-S -37.2 1.6 1.3972 6.00 
HA + NaCI 1) 1 -36.7 2.7 1.3963 6.01 
HA+ NaO 1 - 2 -39.5 3.3 1.3813 6.01 
HA+ NaO 1 - 3 -29.4 4.7 1.3946 6.01 
HA+ NaO 1 -4 -38.4 3.1 1.3815 6.02 
HA + NaO (1) - 5 -38.0 1.6 1.3930 6.02 
HA + NaCI (2) - 1 -38.2 2.S 1.3951 6.00 
HA + NaCI (2) - 2 -40.8 4.4 1.3972 5.99 
HA + NaCI 2 - 3 -41.4 2.1 1.3874 5.99 
HA+ NaO 2 -4 -38.4 3.2 1.3934 6.00 
HA + NaCI 2 - 5 -40.2 1.2 1.3967 6.00 
HA + NaHCO, 1) - 1 -35.4 3.1 1.3828 6.03 
HA + NaHCO, 1) - 2 -33.3 3.2 1.3966 6.02 
HA + NaHCO, (1) - 3 -39.8 1.5 1.3941 6.02 
HA + NaHCO, (1) - 4 -37.3 2.8 1.3863 6.03 
HA + NaHC03 (1) - 5 -34.2 2.6 1.3938 6.03 
HA + NaHCO, 2 -1 -36.8 2.1 1.3956 6.03 
HA + NaHCO, 2 - 2 -33.3 3.2 1.3954 6.01 
HA + NaHCO, 2 - 3 -36.9 3.5 1.3927 6.02 
HA + NaHCO, 2 -4 -40.2 3.5 1.3986 6.02 
HA + NaHCO, 2 - 5 -38.9 2.8 1.3979 6.02 
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Table C.3: pH, absorbance (at 254 nm after filtering samples) and zeta potential of Eu 
samples with NaCI and NaHC03 at N pH 6 
Sample Summary and concentration Zeta Potential Error (+/-) Absorbance at pH 
of Eu(N03)3 (mol dm-3) (mV) 2s4nm 
1.00E-03 Eu(NO I. -1.9 2.4 0.0024 6.02 
s.00E-04 Eu NO, 
" 
-4.6 2.3 -0.0038 6.02 
1.00E-04 Eu NO, 
" 
-4.3 1.9 -0.0068 6.02 
s.OOE-os Eu NO, )3 -6.8 2.6 -0.0068 6.01 
1.00E-os Eu(N03)3 -9.5 5.7 -0.0068 6.02 
1.00E-03 Eu(N03)3 + NaCI 1 J- 1 -1.3 3 -0.0063 6.02 
s.00E-04 Eu NO h + NaO 1 - 2 0.3 4.6 -0.0067 6.03 
1.00E-04 Eu NO, h+NaO 1 -3 -5.4 1.6 -0.009 6.02 
s.OOE-os Eu NO, 1,+ NaO 1 -4 -5 2.6 -0.0088 6.02 
1.00E-Os Eu NO, "+ NaCI 1 - 5 -4.5 7.4 -0.0097 6.02 
1.00E-03 Eu NO, " + NaCI (2) - 1 0.5 2.9 -0.0084 6.02 
s.00E-04 Eu(NO,h + NaO (2}- 2 -3.7 3.9 -0.0084 6.02 
1.00E-04 Eu(NO,), + NaO (2}- 3 -7 3 -0.0095 6.04 
s.OOE-Os Eu(N03h + NaCI (2)- 4 -8.3 5.8 -0.0102 6.03 
1.00E-Os Eu(N03h + NaCI (2)- 5 -8.9 7.3 -0.0101 6.02 
1.00E-03 Eu NO h+ NaHCO, 1 - 1 -8.5 1.2 -0.0086 6.02 
s.00E-04 Eu NO, 1.+ NaHCO, 1 -2 -9 3.4 -0.0085 6.02 
1.00E-04 Eu NO, "+ NaHCO, 1 -3 -11.5 2.9 -0.0089 6.02 
s.OOE-os Eu NO, ,,+ NaHC03 (1) - 4 -9 3.5 -0.0089 6.01 
1.00E-os Eu N03)3 + NaHC03 (1) - 5 -9.4 6 -0.0089 6.02 
1.00E-03 Eu(N03h + NaHC03 (2) - 1 -10.6 2.5 -0.0096 6.03 
s.00E-04 Eu(N03)3 + NaHC03 (2) - 2 -11 5.3 -0.0042 6.02 
1.00E-04 Eu(N03)3 + NaHCO, 2 - 3 -8.3 2.7 -0.0094 6.02 
s.OOE-os Eu(NO,), + NaHCO, 2 -4 -8.9 3.5 -0.0094 6.01 
1.00E-os Eu(NO,h + NaHCDJ 2 - 5 -8.5 1.8 -0.0094 6.02 
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Table C.4: Zeta potential results of all Cd control samples with NaCI and NaHC03 at N pH 6 
Cd Cd+NaOl Cd + NaCI2 Cd + NaHCO, 1 Cd + NaHCO, 2 
Cd(N03)2 Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error 
Concentration (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) 
(mol dm-3) 
9_09E-Q3 -5_4 0.9 -6.1 1.0 -7.7 0.4 -4.3 4.0 -6.4 0.8 
9.09E-03 -6.4 0.9 -6.6 0.2 -7.6 0.4 -4.3 2.0 -7.3 0.8 
9.09E-Q3 -6.3 0.9 -5.1 1.8 -7.9 1.1 -4.5 2.1 -6.1 2.1 
9.09E-04 -8.3 1.5 -7.5 2.3 -9.4 3.6 -7.4 1.8 -9.1 2.1 
9.09E-04 -7.8 2.5 -8.6 1.1 -10.7 2.3 -8.9 1.0 -9.4 2.3 
9.09E-04 -8.0 1.0 -8.3 1.0 -8.6 0.8 -9.0 1.0 -8.9 0.9 
9.09E-Qs -12.2 2.5 -15.0 7.0 -11.1 2.3 -11.7 2.6 -11.2 0.6 
9.09E-Qs -10.7 2.2 -11.6 3.3 -12.4 6.0 -14.8 3.0 -14.3 3.0 
9.09E-Qs -13.1 4.3 -14.3 3.5 -13.4 1.2 -13.9 6.1 -17.1 7.0 
9.09E-Q6 -18.1 5.3 -18.6 6.2 -17.0 3.0 -20.1 2.8 -20.6 3.3 
9.09E-06 -18.8 6.1 -14.5 3.5 -16.4 3.8 -15.4 4.7 -14.7 2.6 
9.09E-Q6 -20.2 5.4 -14.1 7.8 -14.8 4.8 -18.7 9.7 -19.7 7.0 
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Table C.S: Absorbance at 254 nm after filtering Cd samples with NaCI and NaHC03 at '" 
pHG 
Absorbance at 254 nm after filtering samples 
Cd(N03h Cd Only Cd+ Cd+ Cd+ Cd+ 
Concentration Naa 1 Naa 1 NaHC03 1 NaHC03 2 
(mol dm·3) 
9.09E-03 0.0577 0.0569 0.0683 0.0546 0.0517 
9.09E-03 0.0573 0.0567 0.0682 0.0554 0.0522 
9.09E-03 0.0604 0.0509 0.0675 0.0531 0.0495 
9.09E-04 -0.0026 -0.0021 0.0104 -0.0023 -0.0015 
9.09E-04 -0.0023 -0.0011 0.0101 -0.0110 0.0032 
9.09E-04 -0.0004 -0.0035 0.0108 -0.0023 0.0001 
9.09E-05 -0.0079 -0.0096 0.0049 -0.0069 -0.0063 
9.09E-05 -0.0071 -0.0095 0.0072 -0.0078 -0.0060 
9.09E-05 -0.0075 -0.0010 0.0058 -0.0069 -0.0330 
9.09E-06 -0.0056 -0.0085 0.0070 -0.0069 -0.0053 
9.09E-06 -0.0055 -0.0021 0.0059 -0.0020 -0.0046 
9.09E-06 0.0005 -0.0021 0.0085 -0.0025 0.0002 
Table C.G: pH results of all Cd control samples with NaCI and NaHCO, 
PH 
Cd(N03h Cd Cd + NaCll Cd+Naa2 Cd + NaHC03 1 Cd + NaHC03 2 
Concentration 
(mol dm·3) 
9.09E-03 6.01 6.00 6.00 6.01 5.99 
9.09E-03 6.01 5.99 6.01 6.01 5.99 
9.09E-03 6.02 5.99 6.00 6.01 5.98 
9.09E-04 6.01 5.98 6.00 6.01 5.99 
9.09E-04 6.01 5.99 6.00 6.02 5.99 
9.09E-04 6.01 6.01 6.01 6.01 5.99 
9.09E-05 6.01 6.01 6.01 6.01 6.01 
9.09E-05 6.01 6.00 6.00 6.03 6.00 
9.09E-05 6.03 6.01 6.03 5.98 6.00 
9.09E-06 6.02 6.01 6.00 5.99 5.99 
9.09E-06 6.02 6.01 6.01 5.99 6.00 
9.09E-06 6.01 6.00 6.01 6.00 6.00 
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Table C.7: Zeta potential results of all Ce control samples with NaCI and NaHC03 at N pH 6 
Ce Ce+Naa1 Ce + NaCI2 Ce + NaHCO, 1 Ce + NaHCO,2 
Ce(N03h Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error 
Concentration (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) 
(mol dm·3) 
9.09E-03 -2.7 0.6 -2.8 0.2 -2.2 0.7 -5.1 2.0 -4.7 2.8 
9.09E-03 -3.0 0.9 -3.0 0.6 -2.6 0.5 -5.3 1.2 -7.5 2.0 
9.09E-03 -2.8 0.8 -0.8 1.4 -4.2 1.4 -4.1 1.9 -6.0 0.4 
9.09E-04 -4.3 0.8 -4.2 0.8 -5.6 1.0 -7.9 0.4 -6.8 0.5 
9.09E-04 -4.7 1.0 -4.8 0.1 -5.5 0.5 -7.4 1.0 -6.1 1.6 
9.09E-04 -4.8 1.1 -4.9 0.7 -6.2 1.6 -7.0 0.4 -7.5 0.7 
9.09E-05 -5.3 0.4 -6.0 1.0 -6.8 1.0 -5.8 0.7 -5.3 0.2 
9.09E-05 -6.3 0.3 -7.1 1.5 -6.6 0.6 -5.9 0.6 -5.1 0.5 
9.09E-05 -6.1 0.4 -6.7 1.1 -6.6 0.4 -6.5 0.6 -7.3 0.2 
9.09E-06 -7.8 1.1 -7.3 1.2 -7.2 1.5 -7.5 0.2 -8.9 1.0 
9.09E-06 -7.2 1.3 -7.5 1.6 -8.4 1.8 -6.9 1.7 -8.6 1.5 
9.09E-06 -6.9 1.3 -6.7 2.7 -7.3 1.6 -6.3 0.5 -8.6 0.3 
. . 
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Table C.S: Absorbance of Ce control samples at 254 nm after filtering samples with 
NaCI and NaHC03 at ,., pH 6 
Absorbance at 254 nm after filtering samples 
Ce(N03h ce ce+Naa1 ce + Naa 2 ce + NaHC03 1 ce + NaHC03 2 
Concentration 
(mol dm'3) 
9,09E-03 1-4153 1.4143 1.4148 0.0226 0.0177 
9.09E-03 1.4150 1.4148 1.4148 0.0188 0.0194 
9.09E-03 1-4149 1.4146 1.4149 0.0208 0.0175 
7.27E-03 1.2191 1.2191 1.2203 0.0214 0.0177 
7.27E-03 1.2206 1.2187 1.2201 0.0215 0.0164 
7.27E-03 1.2198 1.2188 1.2201 0.0208 0.0171 
5-45E-03 0.8491 0.8477 0.8478 0.0214 0.0159 
5-45E-03 0.8495 0.8478 0.8478 0.0301 0.0162 
5-45E-03 0.8498 0.8478 0.8481 0.0199 0.0158 
3.64E-03 0.5594 0.5572 0.5572 0.0207 0.0136 
3.64E-03 0.5597 0.5571 0.5571 0.0219 0.0133 
3.64E-03 0.5591 0.5574 0.5572 0.0231 0.0128 
1.82E-03 0.2731 0.2733 0.2733 0.0194 0.0125 
1.82E-03 0.2732 0.2734 0.2735 0.0196 0.0127 
1.82E-03 0.2730 0.2734 0.2737 0.0207 0.0121 
9.09E-04 0.1302 0.1291 0.1294 0.0238 0.0113 
9.09E-04 0.1301 0.1295 0.1293 0.0232 0.0112 
9.09E-04 0.1297 0.1294 0.1297 0.0213 0.0107 
7.27E-04 0.1017 0.1021 0.1022 0.0199 0.0102 
7.27E-04 0.1018 0.1018 0.1019 0.0197 0.0097 
7.27E-04 0.1017 0.1019 0.1021 0.0189 0.0094 
5.45E-04 0.0729 0.0728 0.0729 0.0154 0.0102 
5.45E-04 0.0729 0.0729 0.0727 0.0167 0.0100 
5.45E-Q4 0.0727 0.0730 0.0724 0.0160 0.0117 
3.64E-04 0.0441 0.0448 0.0450 0.0137 0.0102 
3.64E-04 0.0443 0.0446 0.0451 0.0139 0.0099 
3.64E-04 0.0446 0.0443 0.0451 0.0126 0.0104 
1.82E-04 0.0152 0.0151 0.0150 0.0122 0.0110 
1.82E-04 0.0148 0.0155 0.0153 0.0092 0.0117 
1.82E-Q4 0.0149 0.0158 0.0152 0.0100 0.0101 
9.09E-05 0.0011 0.0097 0.0095 0.0090 0.0088 
9.09E-05 0.0013 0.0098 0.0094 0.0096 0.0101 
9.09E-05 0.0002 0.0090 0.0084 0.0086 0.0106 
9.09E-06 -0.0120 -0.0015 -0.0022 -0.0013 -0.0017 
9.09E-06 -0.0111 -0.0019 -0.0020 -0.0004 -0.0008 
9.09E-06 -0.0090 0.0008 0.0004 0.0013 0.0009 
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Table C.9: pH results of Ce control samples with NaCI and NaHC03 at '" pH 6 
oH 
Ce(N03)3 
Concentration 
(mol dm'3) Ce Ce + NaCll Ce + NaCI2 Ce + NaHC03 1 Ce + NaHC03 2 
9.09E-03 6.02 6.02 6.03 6.02 6.04 
9.09E-03 6.02 6.02 6.03 6.02 6.03 
9.09E-03 6.01 6.01 6.04 6.03 6.03 
9.09E-04 6.01 6.01 6.04 6.03 6.03 
9.09E-04 6.00 6.02 6.04 6.02 6.04 
9.09E-04 6.01 6.02 6.03 6.03 6.03 
9.09E-OS 6.01 6.02 6.03 6.02 6.04 
9.09E-OS 6.02 6.03 6.03 6.02 6.02 
9.09E-oS 6.01 6.02 6.04 6.02 6.02 
9.09E-06 6.01 6.02 6.03 6.03 6.02 
9.09E-06 6.01 6.01 6.03 6.02 6.03 
9.09E-06 6.01 6.02 6.04 6.03 6.02 
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Table C.lO: Zeta potential results of a" AI control samples with NaCI and NaHC03 at ... pH 6 
AI AI + NaCll AI + NaCI2 AI + NaHCO, 1 AI + NaHCO, 2 
AI(N03h Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error Zeta Potential Error 
Concentration (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) (mV) (+/-) 
(mol dm·3) 
9.09E-{l3 27.4 1.7 27.8 3.9 29.9 2.9 22.2 3.7 32.5 2.9 
9.09E-{l3 25.3 1.5 28.1 2.2 28.5 1.3 28.2 2.2 25.7 2.3 
9.09E-{l3 29.7 2.5 27.2 2.7 24.0 4.3 25.3 6.9 18.1 3.8 
9.09E-{l4 26.4 2.6 26.8 2.5 27.3 4.5 13.6 5.5 11.6 4.1 
9.09E-{)4 26.6 1.2 24.6 2.5 30.3 2.5 17.4 2.1 18.3 0.9 
9.09E-{l4 26.2 2.5 27.0 2.5 27.7 2.1 16.4 5.6 17.6 1.7 
9.09E-{l5 22.6 2.8 20.9 2.4 24.8 3.8 11.9 9.5 12.3 4.5 
9.09E-{l5 18.5 4.5 22.1 1.9 21.0 5.1 19.5 4.8 7.3 2.7 
9.09E-05 19.2 3.1 21.2 1.7 20.6 4.9 24.9 3.7 10.6 2.6 
9.09E-06 -{l.5 1.8 5.2 3.5 5.5 6.8 4.8 1.3 1.1 2.9 
9.09E-06 0.9 2.1 5.4 2.2 3.5 2.8 6.6 2.9 -{l.1 4.4 
9.09E-{l6 -{l.9 1.2 11.8 5.7 11.1 2.3 8.0 5.1 2.1 6.7 
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Table C.11: Absorbance of AI control samples at 254 nm after filtering samples with 
NaCI and NaHC03 at ... pH 6 
Absorbance at 254 nm after filtering samples 
AI(N03h 
Concentration AI + NaHC03 AI + NaHC03 
(mol dm-3) AI AI+Na01 AI + NaCI2 1 2 
9.09E-03 1.7122 1.6872 1.7133 0.1239 0.1337 
9.09E-03 1.7098 1.6579 1.7075 0.1274 0.1325 
9.09E-03 1.6993 1.6793 1.7237 0.1257 0.1297 
7.27E-Q3 1.3671 1.3542 1.3672 0.1266 0.1284 
7.27E-Q3 1.3673 1.3558 1.3659 0.1197 0.1266 
7.27E-Q3 1.3668 1.3562 1.3655 0.1231 0.1372 
5.45E-03 1.0258 1.0244 1.0452 0.1240 0.1275 
5.45E-03 1.0263 1.0249 1.0477 0.1242 0.1234 
5.45E-03 1.0263 1.0236 1.0519 0.1244 0.1233 
3.64E-03 0.6867 0.6832 0.6933 0.1239 0.1265 
3.64E-03 0.6863 0.6837 0.6925 0.1233 0.1258 
3.64E-Q3 0.6861 0.6792 0.6944 0.1237 0.1254 
1.82E-Q3 0.3462 0.3352 0.3213 0.1242 0.1237 
1.82E-03 0.3455 0.3348 0.3354 0.1255 0.1233 
1.82E-03 0.3492 0.3362 0.3355 0.1263 0.1234 
9.09E-Q4 0.1207 0.1199 0.1227 0.1227 0.1225 
9.09E-Q4 0.2109 0.1197 0.1999 0.1225 0.1230 
9.09E-Q4 0.2013 0.1206 0.1987 0.1232 0.1231 
9.09E-05 0.0193 0.0176 0.0185 0.0179 0.0184 
9.09E-05 0.0176 0.0184 0.0179 0.0188 0.0180 
9.09E-05 0.0187 0.0174 0.0192 0.0173 0.0183 
9.09E-06 0.0112 0.0131 0.0135 0.0115 0.0131 
9.09E-06 0.0117 0.0122 0.0132 0.0126 0.0128 
9.09E-Q6 0.0104 0.0105 0.0140 0.0137 0.0133 
Table C.12: pH results of AI control samples with NaCI and NaHC03 at ... pH 6 
pH 
AI(N03)3 
Concentration 
(mol dm-3) AI AI+Na01 AI+Na02 AI + NaHC03 1 AI + NaHC03 2 
9.09E-Q3 6.00 6.01 6.00 6.01 6.01 
9.09E-Q3 5.99 6.01 6.00 6.02 6.01 
9.09E-Q3 5.99 6.01 6.00 6.01 6.00 
9.09E-D4 5.99 6.02 6.02 6.01 6.01 
9.09E-D4 6.00 6.02 6.01 6.01 6.03 
9.09E-D4 6.00 6.00 6.01 6.01 5.99 
9.09E-Q5 6.00 6.01 6.02 6.00 5.99 
9.09E-Q5 6.00 5.97 6.00 6.00 5.98 
9.09E-Q5 5.99 6.00 6.00 6.01 5.99 
9.09E-06 6.01 6.00 6.01 6.00 5.99 
9.09E-Q6 6.00 6.01 6.01 6.00 6.01 
9.09E-Q6 6.01 6.01 6.00 6.00 6.00 
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Table C.13: Zeta potential, absorbance at 254 nm (after filtering samples) and pH 
results of NI Control samples at '" pH 6 
NI(N03h 
Concentration Zeta Potential Absorbance at 
(mol dm·3) (mV) Error (+/-) pH 254nm 
5.00E-03 -10.8 1.0 6.02 0.0119 
5.00E-03 -9.9 0.6 6.01 0.0219 
5.00E-03 -10.2 2.5 6.00 0.0205 
2.50E-03 -11.6 1.3 5.99 0.0243 
2.50E-03 -10.8 2.6 5.99 0.0786 
2.50E-03 -12.2 0.6 6.01 0.0111 
5.00E-04 -14.6 5.8 6.01 0.0116 
5.00E-04 -14.4 1.7 6.01 0.0172 
5.00E-04 -12.2 0.6 6.01 0.0694 
2.50E-04 -11.5 0.6 5.98 0.0125 
2.50E-04 -12.4 0.8 6.02 0.0104 
2.50E-04 -11.6 0.5 5.99 0.0156 
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Table C.14: Zeta potential, absorbance at 254 nm (after filtering) and pH results of NI control samples with NaCI and NaHC03 at N pH 6 
+ Na02 + NaHC03 2 
Ni(N03)2 Zeta 
Concentration Zeta Potential Error (+/- Absorbance Potential Error Absorbance at 
(mol dm-3) (mV) ) pH at 254 nm (mV) (+/-) pH 254 nm pH 
4.55E-D3 -11.5 1.4 6.01 0.0224 -14.7 2.2 6.02 0.0242 
4.55E-03 -11.3 0.9 6.00 0.0383 -13.6 2.0 6.01 0.0192 
4.55E-D3 -12.0 0.5 6.00 0.0342 
4.55E-D3 -10.5 1.5 6.01 0.0119 
4.55E-D3 -11.4 2.2 6.01 0.0563 
2.27E-03 -13.5 2.0 6.00 0.0246 -12.9 0.7 6.02 0.0233 
2.27E-D3 -14.5 . 1.9 6.00 0.0448 -16.0 0.5 6.01 0.0317 
2.27E-D3 -12.0 2.1 6.00 0.0734 
2.27E-D3 -13.1 1.8 6.00 0.0371 
2.27E-D3 -12.4 1.2 6.01 0.0227 
4.55E-D4 -12.7 1.6 6.00 0.0189 -16.1 1.0 6.01 0.0196 
4.55E-D4 -11.2 0.9 6.00 0.0137 -17.9 4.0 5.99 0.0142 
4.55E-D4 -12.0 1.8 6.00 0.0126 
4.55E-D4 -12.7 0.9 6.00 0.0188 
4.55E-D4 -11.8 1.5 5.99 0.0226 
2.27E-D4 -14.5 3.0 6.00 0.0394 -16.4 3.7 6.05 0.0194 
2.27E-D4 -12.7 0.5 6.00 0.0379 -17.2 2.4 6.04 0.0186 
2.27E-D4 -12.3 1.0 6.01 0.0363 
2.27E-04 -11.3 1.1 6.01 0.0248 
2.27E-D4 -14.7 4.3 6.00 0.0321 
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Table C.IS: Zeta potential and pH results of Eu-HA samples at N pH 6, over three equilibration times, where the HA concentration was 
SOppm (w.v) 
72 Hours 168 Hours 336 Hours 
Eu(N03h Concentration Zeta Potential Zeta Potential Zeta Potential 
(mol dm'3) (mV) Error (+/-) pH (mV) Error (+/-) pH (mV) Error (+/-) pH 
5.00E-D3 12.8 1.6 6.09 13.4 2.4 6.10 10.1 2.2 6.09 
4.00E-D3 11.5 1.5 6.08 10.4 2.7 6.11 13.0 0.6 6.09 
3.00E-D3 9.4 0.6 6.11 12.5 0.6 6.07 9.9 0.6 6.09 
2.00E-D3 6.9 1.3 6.09 9.6 0.9 6.08 5.3 1.4 6.09 
1.00E-D3 2.7 0.2 6.08 3.7 0.3 6.09 2.5 0.5 6.08 
5.00E-04 -1.1 0.4 6.07 0.4 0.1 6.08 -1.6 0.3 6.08 
4.00E-D4 -2.4 0.3 6.09 -1.0 0.6 6.09 -3.2 0.7 6.08 
3.00E-04 -5.0 0.7 6.10 -3.5 0.9 6.09 -6.6 0.7 6.07 
2.00E-04 -8.7 1.2 6.08 -8.4 0.9 6.09 -10.7 0.4 6.09 
1.00E-D4 -15 1.6 6.09 -15.2 1.5 6.09 -19.9 1.6 6.09 
5.00E-D5 -29.5 3.6 6.09 -28.8 1.7 6.10 -35.5 1.4 6.09 
4.00E-D5 -33.3 2.8 6.11 -32.2 2.1 6.10 -36.3 1.2 6.09 
3.00E-D5 -35.8 3.0 6.08 -35.6 1.0 6.08 -38.0 3.8 6.09 
2.00E-DS -37.0 1.4 6.08 -37.1 1.9 6.11 -38.8 2.8 6.09 
1.00E-DS -37.5 3.8 6.07 -35.5 2.3 6.09 -40.3 2.4 6.08 
5.00E-D6 -37.8 2.2 6.09 -38.1 3.5 6.09 -38.5 3.2 6.08 
4.00E-D6 -37.9 1.9 6.09 -37.1 2.7 6.10 -39.1 1.2 6.09 
3.00E-D6 -36.5 2.7 6.09 -35.8 3.6 6.09 -38.2 3.1 6.08 
2.00E-D6 -37.9 3.5 6.10 -35.8 2.7 6.09 -41.4 3.4 6.08 
1.0DE-06 -37.4 1.7 6.09 -37.1 2.2 6.07 -34.9 1.8 6.08 
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Table C.16: Absorbance at 254 nm (after filtering) Eu-HA samples at N pH 6, over three 
equilibration times, where the HA concentration was 50 ppm (w.v) 
Absorbance at 254 nm (after filtering) 
Eu(N03)3 Concentration 
(mol dm-3) 72 hours 168 hours 336 hours 
5.00E-03 0.0137 0.0174 0.0145 
4_00E-03 0.0216 0_0147 0.0229 
3.00E-03 0_0154 0.0165 0_0192 
2.00E-03 0.0327 0_0291 0.0184 
1.00E-03 0_0143 0.0145 0_0244 
5.00E-04 0.0123 0.0167 0_0147 
4_00E-04 0.0125 0_0147 0.0124 
3.00E-04 0.0186 0_0158 0.0147 
2.00E-04 0.0203 0.0143 0_0184 
1.00E-04 0_0154 0.0138 0.0136 
5.00E-05 1.4139 1.4462 1.4271 
4.00E-05 1.5023 1.4857 1.3926 
3_00E-05 1.4872 1.5013 1.3989 
2.00E-05 1.4438 1.4927 1.4628 
1.00E-05 1.4682 1_4833 1.4519 
5.00E-06 1.4927 1.4284 1.4462 
4_00E-06 1.5018 1.4876 1.4996 
3_00E-06 1.4753 1.5132 1.4863 
2.00E-06 1.4835 1.4721 1.5017 
1_00E-06 1.4991 1.4615 1.4969 
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Table C.17: Zeta potential results of Na-HA samples at N pH 6, where the HA 
concentration was 50 ppm (w.v) 
NaN03 Zeta Potential Error (+/-) 
Concentration (mV) 
(mol dm-3) 
1 -9A 1.2 
1 -S.3 1.3 
1 -7A lA 
1 -5.6 3A 
5 x 10CT -15.S 1.6 
5 x lOCT 
-16.9 2.6 
5 x 10°1 
-15.6 1.5 
5 x 10-1 
-15.9 0_7 
1 x 10-1 
-35.5 1.2 
1 x 10-1 
-36.2 3.1 
1 x 10-1 
-35.S 2_2 
1 x 10-1 
-36.1 3.2 
5 x 10-2 
-34.1 2.5 
5 x 10-2 
-34.S 3_0 
5x 10~ 
-35_0 2.2 
5x 10~ 
-35.7 3.2 
2.5 x 10-2 
-40.7 3.5 
2.5 x 10-2 
-40A 1.9 
2_5 x 10-2 
-3S.9 4_3 
2.5 x 10-2 -39_S 4.2 
1 x 10-2 
-41.5 3.5 
1 x 10-2 
-39.5 2.1 
lxl0~ 
-40.7 3A 
1 x 10-2 
-42.4 1.5 
5 x 10-3 
-39.S 0.7 
5 x 10-3 
-3S.S 1.1 
5 x 10-3 
-40.3 2_2 
5 x 10-3 
-37_6 1.5 
5 x 10-:Y 
-39.2 0.9 
1 x 10-3 
-40.7 1.3 
1 x 10-3 
-39.1 0.9 
1 x 10-3 
-39.5 2.3 
1 x 10-3 
-40.3 1.6 
1 x 10-3 
-39.4 l_S 
5x 10" -3S.7 1.1 
5 x lQ-4 -39.9 1.3 
5x 10'" -40.5 0.4 
5x 10'" -41.S O_S 
5x 10'" -39.6 1.4 
1 x 10'" -39.3 1.9 
1 x 10'" -39.S 1.5 
1 x 10'" -3S_7 0.3 
1 x 10" -39.6 1.2 
1 x lQ-4 -40_4 3.0 
5 x 10-> -37.9 0.7 
5 x 10-> -39.1 2.3 
5 x 10-5 
-3S.2 1.2 
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5 x 10-' 
-39.3 1.8 
5 x 10-' 
-39.2 0.9 
1 x 10-' 
-38.9 2.1 
1 X 10-' 
-39.2 1.9 
1 X 10-' 
-39.3 1.6 
1 X 10-' 
-40.7 1.4 
1 X 10-' 
-41.3 2.1 
5x 10" -40.5 0.8 
5x 10-<> -39.8 0.5 
5x 10-<> 
-39.6 1.1 
5 X 10-· 
-39.6 1.5 
5 X 10-· 
-39.4 1.3 
1 X 10" -39.5 1.3 
1 X 10" -39.5 0.6 
1 X 10'" -38.6 0.7 
1 X 10-<> 
-39.8 1.4 
1 X 10-<> 
-39.4 2.1 
Table C.1S: pH results from Eu-HA samples with NaCI and NaHC03, where the HA 
concentration was 50 ppm (w.v) 
Sample Set A pH's Sample Set B pH's 
Concentration + NaHC03 1 + NaO 1 + NaHC0 3 2 + NaCI2 
of Eu(N03)3 
(mol drn.3) 
2.27E-03 6.01 6.02 5.90 6.01 
2.27E-03 6.01 6.01 5.92 6.01 
2.27E-03 6.02 6.01 5.93 6.02 
2.27E-D3 6.01 6.03 5.92 6.02 
2.27E-D3 6.01 6.03 5.93 6.00 
1.14E-D3 6.02 6.06 6.06 6.05 
1.14E-D3 6.02 6.06 6.06 6.05 
1.14E-03 6.00 6.07 6.07 6.05 
1. 14E-03 6.01 6.07 6.07 6.06 
1. 14E-03 6.02 6.02 6.05 6.07 
4.55E-D4 6.06 6.03 6.10 6.01 
4.55E-D4 6.06 6.02 6.11 6.01 
4.55E-D4 6.08 6.02 6.11 6.02 
4.55E-D4 6.08 6.03 6.11 6.00 
4.55E-04 6.02 6.09 6.01 6.01 
3.41E-04 6.12 6.06 6.11 6.06 
3.41E-04 6.13 6.05 6.11 6.01 
3.41E-04 6.13 6.06 6.11 6.02 
3.41E-04 6.12 6.06 6.11 6.01 
3.41E-D4 6.09 6.08 6.11 6.01 
2.27E-04 6.16 6.04 6.11 6.02 
2.27E-D4 6.16 6.04 6.11 6.02 
2.27E-04 6.15 6.04 6.09 6.03 
2.27E-04 6.15 6.03 6.09 6.03 
2.27E-D4 6.15 6.04 6.09 6.02 
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Table C.19: Zeta potential results of Eu-HA samples with NaCI and NaHC03 at,.. pH 6, where the HA concentration was 50 ppm (w.v) 
+ NaCll + NaCI2 + NaHC03 1 + NaHCO. 1 
Concentration Zeta potential Error (+/-) Zeta potential Error (+/-) Zeta potential Error (+/-) Zeta potential Error (+/-) 
of Eu(N03h (mV) (mV) (mV) (mV) 
(mol dm-3) 
2.27E-03 -9.1 0.5 -2.8 0.2 -2.3 0_3 -12.7 1.2 
2_27E-03 -8.7 0.9 -2_7 0.3 -2_2 0.2 -13.4 2.3 
2.27E-03 -8.9 0_9 -2_6 0.4 -2.1 0_3 -15.8 2.1 
2_27E-03 -9.4 0.7 -2_8 0.3 -2 0.3 -13.9 1.0 
2.27E-03 -9_6 1.0 -2.8 0.3 -1.9 0.7 -12_6 1.3 
1.14E-03 -14.6 1.1 -5.7 0.1 -4.5 0.6 -21.6 2_5 
1. 14E-03 -14.7 2_0 -5.7 0.5 -4_0 0.7 -20.8 2.9 
1.14E-03 -17.6 1.2 -6_0 0.6 -4.3 0.2 -22_5 1.9 
1.14E-03 -16.2 1.9 -5_5 0.3 -4.3 0_5 -21.3 1.7 
1.14E-03 -16_0 1.6 -5.6 0.4 -4.1 0.7 -23.7 2.8 
4.SSE-D4 -21.2 2.0 -9.0 0.7 -8.7 0_6 -24_9 2.1 
4.SSE-D4 -20.9 1.7 -9.1 0.5 -8_6 0.2 -25.3 1.3 
4.SSE-D4 -24_6 2.0 -9.2 0.4 -9.5 0_8 -24.4 1.0 
4.SSE-D4 -21.0 1.4 -9.5 1.0 -9.1 0.4 -24.3 1.8 
4_SSE-D4 -20_8 1.9 -9.1 0_6 -8.6 0.3 -24_0 2.0 
3.41E-D4 -17.2 2.1 -9.7 0_5 -9.1 0_5 -21.6 2.4 
3.41E-04 -17.5 1.5 -10_2 1.1 -9_8 0.3 -22.2 1.7 
3.41E-04 -16_9 1.1 -9.7 0_7 -9.4 0_5 -23.1 1.8 
3.41E-04 -17_8 1.3 -10_0 0.4 -9.5 0.3 -24.1 2.5 
3.41E-04 -18.6 2.7 -9_6 0.6 -9_9 0.5 -22.3 1.3 
2.27E-04 -14.4 1.5 -10.9 0_7 -11.3 0_9 -21.9 2.0 
2.27E-04 -15_0 0_8 -12.2 0.4 -11.3 1.5 -20_9 1.4 
2.27E-04 -15.4 1.0 -11.5 0_6 -11.5 0_8 -22.5 1.6 
2_27E-04 -14_8 0_8 
-11.6 1.0 -11.0 0.5 -22_2 1.1 
2.27E-04 -14.7 1.0 -12_1 0.3 -11.5 0.6 -21.9 1.1 
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Table C.20: Absorbance results (at 254 nm after filtering) of Eu-HA samples with NaCI 
and NaHCO, at N pH 6, where the HA concentration was 50 ppm (w.v) 
Eu(N03h HA + Eu + HA+Eu+ Absorbance Absorbance 
Concentration NaCll NaCI2 of HA + Eu + of HA + Eu + 
(mol dm·3) NaHC0 3 1 NaHC03 2 
4.55E-<l4 0.0126 0.0236 0.0314 0.0292 
4.55E-04 0.0199 0.0248 0.0284 0.0262 
2.27E-<l4 0.0488 0.0197 0.0251 0.0278 
2.27E-04 0.0285 0.0253 0.0275 0.0293 
9.09E-05 0.0224 0.0184 0.0266 0.0288 
9.09E-05 0.0237 0.0272 0.0296 0.0251 
6.82E-05 1.4274 1.4725 1.4116 1.4222 
6.82E-05 1.4475 1.4374 1.4254 1.3993 
4.55E-05 1.4853 1.4992 1.4831 1.4739 
4.55E-05 1.4951 1.4715 1.4924 1.4258 
Table C.21: Zeta potential, absorbance at 254 nm (after filtering samples) and pH of 
Cd-HA samples at N pH 6, where the HA concentration was 50 ppm (w.v) 
Cd(N03h Concentration zeta PotentJal Error (+/-) Absorbance at pH 
(mol dm·3) (mV) 254 nm after 
filtering 
9.09E-03 -11.8 0.5 0.1273 6.00 
9.09E-03 -11.1 0.9 0.1328 6.00 
9.09E-03 -12.4 2.5 0.1344 6.01 
7.27E-03 -12.5 1.7 0.1246 6.00 
7.27E-03 -12.4 3.0 0.1244 6.01 
7.27E-03 -12.3 0.6 0.1251 6.01 
5.45E-03 -13.5 1.1 0.1229 6.00 
5.45E-03 -13.3 1.6 0.1231 6.00 
5.45E-03 -14.8 2.3 0.1228 6.01 
3.64E-03 -15.1 2.7 0.1231 6.02 
3.64E-03 -16.1 0.8 0.1224 6.01 
3.64E-03 -16.6 2.1 0.1223 6.01 
1.82E-03 
-22.5 0.7 0.1499 6.00 
1.82E-03 -21.4 2.0 0.1490 6.01 
1.82E-03 -21.2 3.1 0.1510 6.01 
9.09E-Q4 -25.3 1.4 0.2231 6.01 
9.09E-Q4 
-23.3 1.5 0.2231 6.00 
9.09E-Q4 
-25.5 2.6 0.2210 6.00 
7.27E-Q4 
-22.4 2.4 0.2478 6.01 
7.27E-Q4 
-20.4 1.2 0.2493 6.00 
7.27E-Q4 
-24.3 0.9 0.2492 6.01 
5.45E-04 -23.8 0.7 1.1010 6.01 
5.45E-04 -26.0 0.8 1.0642 6.02 
5.45E-04 -22.5 1.0 1.0702 6.02 
3.64E-04 -31.8 4.0 1.2704 6.02 
3.64E-04 -27.9 0.9 1.2805 6.02 
3.64E-Q4 
-31.4 1.5 1.2734 6.02 
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1.82E-04 
-30.3 3.5 1.306S 6.01 
1.82E-04 -33.5 2.0 1.3041 6.01 
1.82E-04 -32.2 1.6 1.3072 6.03 
9.09E-OS 
-30.9 1.9 1.3122 6.01 
9.09E-OS 
-32.7 2.9 1.3148 6.01 
9.09E-OS -32.8 1.4 1.3237 6.00 
7.27E-OS 
-31.7 1.1 1.3136 6.00 
7.27E-OS 
-32.0 3.8 1.3364 6.01 
7.27E-OS 
-34.3 1.5 1.3326 6.02 
S.4SE-OS 
-33.2 2.4 1.33S9 6.01 
S.4SE-OS -34.2 3.7 1.3428 6.01 
S.4SE-OS 
-31.4 3.8 1.3342 6.01 
3.64E-OS 
-36.4 1.1 1.3122 6.02 
3.64E-OS 
-37.2 4.0 1.3221 6.03 
3.64E-OS 
-33.4 1.3 1.3007 6.04 
1.82E-OS 
-33.1 2.7 1.3112 6.03 
1.82E-OS -31.4 4.0 1.3114 6.03 
1.82E-OS 
-38.0 3.5 1.3112 6.03 
9.09E-06 
-37.1 2.4 1.3321 6.03 
9.09E-06 
-37.6 1.7 1.3304 6.03 
9.09E-06 -37.2 1.0 1.3214 6.02 
7.27E-06 -36.0 0.7 1.3321 6.01 
7.27E-06 
-30.5 2.3 1.3342 6.00 
7.27E-06 
-37.0 2.4 1.3341 6.04 
S.4SE-06 
-34.8 2.0 1.3313 6.01 
S.4SE-06 
-34.3 2.9 1.3122 6.02 
S.45E-06 
-34.7 3.0 1.3311 6.02 
3.64E-06 -37.3 1.9 1.3221 6.03 
3.64E-06 -38.2 2.7 1.3127 6.03 
3.64E-06 
-36.5 3.2 1.3672 6.03 
1.82E-06 
-35.9 2.8 1.3217 6.02 
1.82E-06 
-34.4 2.8 1.3322 6.02 
1.82E-06 -34.6 3.2 1.3327 6.02 
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Table C.22: Zeta potential and pH results of Cd-HA samples with NaCI at N pH 6, where 
the HA concentration was 50 ppm (w.v) 
+ NaO 1 + NaO 2 
Cd(N03)2 Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm'3) (mV) (mV) 
9.09E-03 -12.4 1.0 6.00 -14.8 0.5 6.01 
9.09E-03 -17.2 2.9 6.01 -14.6 0.3 6.01 
9.09E-03 -13.3 1.9 6.01 -16.9 3.2 6.02 
9.09E-04 -20.8 3.7 6.00 -26.2 2.1 6.02 
9.09E-D4 -24.5 2.7 6.01 -29.4 0.9 6.02 
9.09E-D4 -25.0 1.0 6.02 -27.4 2.4 6.01 
9.09E-D5 -31.2 0.8 6.02 -34.7 2.0 6.02 
9.09E-D5 -29.8 2.6 6.01 -33.1 2.0 6.02 
9.09E-05 -32.8 1.6 6.01 -28.4 3.1 6.02 
9.09E-06 -29.9 1.4 6.01 -32.6 2.4 6.01 
9.09E-D6 -30.1 3.2 6.00 -35.1 2.2 6.01 
9.09E-D6 -32.8 0.8 6.01 -35.7 2.3 6.02 
Table C.23: Zeta potential and pH results of Cd-HA samples with NaHCOl at N pH 6 
+ NaHC03 1 + NaHCO, 2 
Cd(N03h Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm") (mV) (mV) 
9.09E-03 -14.8 2.6 6.02 -26.1 1.0 6.02 
9.09E-03 -12.0 0.2 6.03 -25.4 3.6 6.02 
9.09E-03 -13.4 1.3 6.03 -28.1 2.0 6.02 
5.45E-03 -13.5 1.6 6.02 -25.6 2.8 6.03 
5.45E-D3 -13.7 0.7 6.02 -23.1 1.1 6.02 
5.45E-D3 -13.0 2.7 6.01 -27.8 1.7 6.02 
9.09E-D4 -25.7 1.5 6.02 -25.3 1.7 6.02 
9.09E-04 -27.7 4.0 6.03 -25.1 2.0 6.03 
9.09E-D4 -21.7 1.7 6.03 -24.9 3.0 6.02 
5.45E-D4 -21.9 3.7 6.01 -26.4 1.1 6.02 
5.45E-D4 -23.2 0.7 6.02 -29.5 3.1 6.02 
5.45E-D4 -23.7 1.2 6.02 -28.8 2.7 6.02 
9.09E-D5 -32.5 1.1 6.03 -33.4 1.8 6.02 
9.09E-05 -32.4 3.6 6.02 -34.5 0.8 6.03 
9.09E-D5 -31.8 2.8 6.03 -27.9 4.0 ·6.03 
5.45E-D5 -35.3 1.2 6.02 -33.6 2.4 6.02 
5.45E-D5 -31.4 2.3 6.01 -31.9 2.9 6.02 
5.45E-D5 -34.1 2.6 6.01 -32.3 1.7 6.01 
9.09E-06 -38.4 0.7 6.02 -29.5 2.7 6.02 
9.09E-06 -35.2 1.5 6.02 -34.0 1.4 6.02 
9.09E-D6 -31.5 3.5 6.02 -33.5 1.3 6.03 
5.45E-D6 -37.1 2.4 6.01 -35.0 2.3 6.02 
5.45E-D6 -39.9 3.1 6.01 -33.1 0.4 6.02 
5.45E-D6 -31.6 3.6 6.01 -33.0 3.5 6.02 
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Table C.24: Absorbance at 254 nm (after filtering samples) results of Cd-HA samples 
with NaCI and NaHC03 at N pH 6, where the HA concentration was 50 ppm (w.v) 
UI\NU3}2 
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Table C.lS: Zeta potential and pH results of Ce-HA samples at N pH 6, where the HA 
concentration was 50 ppm (w.v) 
Ce(N03h Concentration Zeta Potential Error (+/-) pH 
(mol dm-3) (mV) 
9_09E.o3 -3.4 2.3 6.01 
9.09E.o3 .0.7 O.S 6.01 
9.09E.o3 -1.7 0.5 6.01 
7.27E-03 -3.2 O.S 6.01 
7.27E-03 -1.5 2.0 6.00 
7.27E.o3 -3.4 0.5 6.00 
s.4sE.o3 -3.3 O.S 5.99 
s.4sE.o3 -4.0 0.5 6.00 
s.4sE.o3 -3.S 0.6 6.00 
3.64E.o3 -S.S 0.3 6.01 
3.64E.o3 -6.3 0.4 6.01 
3.64E.o3 -6.2 0.3 6.01 
l.S2E.o3 -S.S 0.3 6.01 
l.S2E.o3 -S.S O.S 6.00 
l.S2E.o3 -S.6 0.9 6.01 
9.09E.o4 -9.S 0.6 6.02 
9.09E.o4 -10.1 0.4 6.01 
9.09E.o4 -10.1 0.4 6.01 
7.27E.o4 -10.S 0.1 6.01 
7.27E.o4 -10.9 0.6 6.01 
7.27E-Q4 -11.0 0.9 6.01 
s.4sE-Q4 -12.3 0.6 6.01 
s.4sE-Q4 -12.6 0.5 6.01 
s.4sE-Q4 -12.6 1.1 6.00 
3.64E-Q4 -17.2 0.9 6.00 
3.64E-Q4 -17.9 2.1 6.00 
3.64E-Q4 -19.4 1.4 6.00 
l.S2E-Q4 -2S.9 3.3 6.01 
1.S2E-Q4 -30.7 3.1 6.00 
l.S2E-Q4 -32.2 1.7 6.00 
9.09E.os -37.5 3.4 6.01 
9.09E.os -37.2 2.S 6.01 
9.09E.os -34.6 2.4 6.01 
7.27E.os -36.7 . 3.3 6.02 
7.27E-Os -39.0 3.6 6.01 
7.27E-Os -36.1 1.0 6.01 
s.4sE.os -37.4 3.2 6.00 
s.4sE.os -36.1 2.0 6.00 
s.4sE-Os -36.9 3.6 6.02 
3.64E.os -35.2 3.3 6.01 
3.64E.os -35.7 2.9 6.01 
3.64E.os -34.7 0.5 6.01 
1.S2E.os -32.7 2.1 6.01 
1.S2E.os -40.0 3.S 6.00 
l.S2E.os -39.6 4.0 6.00 
9.09E-06 -35.4 O.S 6.01 
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9.09E-Q6 -35.6 0.6 6.01 
9.09E-Q6 -40.4 3.6 6.02 
7.27E-Q6 -40.7 2.1 6.01 
7.27E-Q6 -34.8 2.4 6.01 
7.27E-Q6 -35.0 0.5 6.00 
s.4sE-Q6 -34.4 3.5 6.01 
s.4sE-Q6 -29.7 3.7 6.01 
s.4sE-06 -36.4 0.4 6.02 
3.64E-Q6 -39.9 1.1 6.01 
3.64E-Q6 -32.9 1.3 6.02 
3.64E-06 -34.4 4.0 6.02 
1.82E-Q6 -38.1 1.6 6.00 
1.82E-Q6 -41.4 2.8 6.01 
1.82E-Q6 -36.2 1.5 6.01 
Table C.26: Zeta potential and pH results of Ca-HA samples with NaCI at '" pH 6, where 
the HA concentration was 50 ppm (w.v) 
Ce-HA + NaO 1 Ce-HA + NaCI 2 
Ce(N03h Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm'3) (mV) (mV) 
9.09E-03 -4.0 1.9 6.01 -3.6 0.3 6.01 
9.09E-03 -3.5 0.6 6.01 -4.1 1.0 6.02 
9.09E-03 -2.7 1.1 6.01 -3.4 1.3 6.02 
9.09E-04 -11.1 0.6 6.02 -12.1 1.3 6.01 
9.09E-04 -10.2 0.5 6.02 -10.6 0.8 6.01 
9.09E-04 -11.5 0.7 6.01 -11.5 1.1 6.02 
9.09E-Qs -37.2 1.7 6.00 -34.5 2.7 6.02 
9.09E-Qs -30.9 2.5 6.00 -33.8 2.1 6.01 
9.09E-Qs -37.1 3.7 5.99 -35.1 1.8 6.02 
9.09E-06 -32.8 1.7 6.00 -34.2 1.8 6.01 
9.09E-Q6 -31.4 1.4 6.00 -35.5 3.9 6.02 
9.09E-Q6 -37.0 2.5 6.01 -35.2 3.7 6.01 
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Table C.27: Zeta potential and pH results from Ce-HA samples with NaHC03 at N pH 6, 
where the HA concentration was 50 ppm (w.v) 
Ce-HA + NaHCO 1 Ce-HA + NaHCO 2 
Ce(N03h Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm'3) (mV) (mV) 
9.09E-Q3 -11.7 0.8 6.01 -23.7 1.6 6.01 
9.09E-Q3 -11.S 0.7 6.01 -2S.S 3.2 6.01 
9.09E-03 -11.1 1.0 6.01 -22.7 1.3 6.01 
S.4SE-03 -16.3 3.6 6.00 -18.7 1.1 6.01 
S.4SE-03 -14.S 1.9 6.01 -22.9 1.9 6.02 
S.4SE-Q3 -11.9 2.2 6.01 -2S.6 2.0 6.00 
9.09E-04 -13.6 l.S 6.04 -21.2 1.0 6.00 
9.09E-04 -13.3 1.0 6.04 -19.7 0.7 6.00 
9.09E-Q4 -14.0 1.0 6.03 -19.1 0.1 6.01 
S.4SE-Q4 -lS.S O.S 6.04 -14.4 0.8 6.02 
S.4SE-Q4 -19.0 3.S 6.04 -14.7 0.7 6.01 
S.4SE-04 -16.9 2.9 6.03 -16.6 0.6 6.01 
9.09E-OS -26.8 3.S 6.03 -3S.3 1.8 6.01 
9.09E-OS -24.9 1.7 6.02 -39.4 1.9 6.00 
9.09E-OS -27.1 0.8 6.04 -37.3 0.3 6.00 
S.4SE-QS -30.S 2.S 6.04 -41.1 3.7 6.01 
S.4SE-QS -2S.8 2.9 6.04 -36.S 3.6 6.00 
S.4SE-QS -24.2 3.3 6.0S -41.8 0.8 6.01 
9.09E-Q6 -32.8 1.2 6.04 -32.6 1.7 6.01 
9.09E-Q6 -30.7 3.4 6.04 -33.S 3.0 6.01 
9.09E-Q6 -30.6 3.0 6.03 -33.4 3.8 6.00 
S.4SE-Q6 -31.0 3.6 6.03 -2S.4 3.4 6.00 
S.4SE-Q6 -29.S 2.6 6.04 -31.0 3.2 6.01 
S.4SE-Q6 -30.7 0.7 6.03 -22.8 0.9 6.01 
Table C.2B: Absorbance results from ce-HA samples at 254 nm (after filtering samples) 
with NaCI and NaHCO, at N pH 6, where the HA concentration was 50 ppm (w.v) 
Absorbance at 2S4 nm - after filtering samples 
Ce(N03h Ce-HA + NaO 1 + Na02 + NaHC03 1 + NaHC03 2 
Concentration 
(mol dm·3) 
9.09E-Q3 1.3851 1.2824 1.2697 0.3215 0.0619 
9.09E-Q3 1.3852 1.2825 1.2689 0.3433 0.0616 
9.09E-Q3 1.3858 1.2818 1.2694 0.3460 0.0638 
7.27E-03 1.1123 1.0097 0.9927 0.2009 0.0592 
7.27E-03 1.1118 1.0096 0.9975 0.2012 0.0581 
7.27E-03 1.1121 1.0093 0.9982 0.2005 0.0560 
S.4SE-Q3 0.8291 0.7348 0.7426 0.1059 0.0501 
S.4SE-Q3 0.8287 0.7344 0.7433 0.1101 0.0498 
S.4SE-Q3 0.8280 0.7351 0.7391 0.1218 0.0472 
3.64E-Q3 0.5313 0.4693 0.4682 0.1156 0.0432 
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Table C.29: Absorbance of Ce-HA samples at 254 nm (after filtering samples) with NaCI 
and NaHC01 at N pH 6, corrected by - the absorbance at 254 nm of the control 
samples, where the HA concentration was 50 ppm (w.v) 
Absorbance at 254 nm - after filtering samples 
Ce(N03h Ce-HA + NaCl1 + NaCI2 + NaHC03 1 + NaHC03 2 
COncentration 
(mol dm-3) 
9.09E-03 -0.0302 -0.1319 -0.1451 0.2989 0.0442 
9.09E-03 -0.0298 -0.1323 -0.1459 0.3245 0.0422 
9.09E-03 -0.0291 -0.1328 -0.1455 0.3252 0.0463 
7.27E-03 -0.1068 
7.27E-03 -0.1088 
7.27E-03 -0.1077 
5.45E-03 -0.0200 0.0845 0.0342 
5.45E-03 -0.0208 0.0800 0.0336 
5.45E-03 -0.0218 0.1019 0.0314 
3.64E-03 -0.0281 
3.64E-03 -0.0279 
3.64E-03 -0.0274 
1.82E-03 -0.0091 
1.82E-03 -0.0095 
1.82E-03 -0.0096 
9.09E-04 -0.0151 -0.0260 -0.0279 0.0885 0.0305 
9.09E-04 -0.0152 -0.0252 -0.0281 0.0933 0.0287 
9.09E-04 -0.0155 -0.0235 -0.0269 0.0929 0.0279 
7.27E-04 -0.0092 
7.27E-Q4 -0.0091 
7.27E-Q4 -0.0104 
5.45E-04 -0.0027 0.0651 0.0315 
5.45E-04 -0.0031 0.0643 0.0393 
5.45E-04 -0.0019 0.0639 0.0321 
3.64E-04 0.0082 
3.64E-04 0.0081 
3.64E-04 0.0071 
1.82E-04 0.3064 
1.82E-04 0.2935 
1.82E-04 0.3064 
9.09E-05 1.3391 1.3164 1.3194 1.1925 1.3362 
9.09E-05 1.3378 1.3165 1.3282 1.1984 1.3378 
9.09E-05 1.3356 1.3108 1.3032 1.2032 1.3406 
7.27E-05 1.3222 
7.27E-05 1.3236 
7.27E-05 1.3122 
5.45E-05 1.3383 1.2385 1.3553 
5.45E-05 1.3298 1.2336 1.3578 
5.45E-05 1.3321 1.2348 1.3517 
3.64E-05 1.3326 
3.64E-05 1.3127 
3.64E-05 1.3092 
1.82E-05 1.3103 
1.82E-05 1.3294 
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1.82E.o5 1.3327 
9.09E.o6 1.3542 1.345 1.3459 1.2618 1.2678 
9.09E.o6 1.3562 1.3042 1.3303 1.2585 1.2726 
9.09E.o6 1.3542 1.3116 1.2108 1.2315 1.2422 
7.27E.o6 1.3322 
7.27E.o6 1.3341 
7.27E.o6 1.3299 
5.45E.o6 1.3368 1.2284 1.2469 
5.45E.o6 1.3371 1.1725 1.1881 
5.45E.o6 1.3200 1.1896 1.2099 
3.64E-06 1.3297 
3.64E-06 1.3234 
3.64E.o6 1.3451 
1.82E.o6 1.3462 
1.82E-06 1.3403 
1.82E-06 1.3473 
Table C.30: Zeta potential and pH results of AI-HA samples at,., pH 6, where the HA 
concentration was 50 ppm (w.v) 
AI(N03)3 Concentration Zeta Potential Error (+/-) pH 
(mol dm-3) (mV) 
9.09E.o3 32.2 1.8 6.02 
9.09E.o3 31.2 2.8 6.02 
9.09E.o3 30.3 2.0 6.01 
7.27E.o3 35.4 3.3 6.02 
7.27E.o3 30.5 2.9 6.01 
7.27E.o3 28.7 3.3 6.00 
5.45E.o3 30.9 2.6 6.02 
5.45E.o3 30.2 2.1 6.01 
5.45E.o3 35.8 2.9 6.03 
3.64E.o3 31.7 1.3 6.01 
3.64E.o3 30.2 1.1 6.01 
3.64E.o3 28.8 3.0 6.01 
1.82E.o3 30.2 1.2 6.01 
1.82E-03 23.3 1.8 6.01 
1.82E-03 21.2 3.4 6.01 
9.09E.o4 7.1 1.8 6.01 
9.09E.o4 7.5 0.7 6.00 
9.09E-04 8.1 1.1 6.01 
7.27E.o4 -3.7 0.7 6.01 
7.27E-04 .0.6 1.5 6.00 
7.27E.o4 0.2 3.1 6.01 
5.45E-04 -10.3 0.3 6.01 
5.45E-04 -12.6 0.5 6.01 
5.45E-04 -11.3 1.2 6.00 
3.64E-04 -23.9 1.6 6.00 
3.64E.o4 -21.1 1.4 6.01 
3.64E.o4 -22.6 2.7 6.01 
1.82E.o4 -32.1 2.5 6.02 
1.82E.o4 -31.9 1.1 6.01 
1.82E.o4 -28.7 2.1 6.01 
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9.09E-os -33.1 0.6 6.02 
9.09E-os -34.6 2.3 6.02 
9.09E-os -34.6 2.5 6.02 
7.27E-os -31.2 1.5 6.01 
7.27E-os -33.5 1.3 6.01 
7.27E-os -33.3 3.0 6.01 
s.4sE-Os -36.0 2.8 6.02 
s.4sE-os -35.4 3.5 6.02 
s.4sE-Os -34.6 0.4 6.01 
3.64E-Os -36.3 0.5 6.01 
3.64E-os -34.7 2.7 6.02 
3.64E-os -34.2 1.6 6.02 
1.82E-Os -39.3 2.1 6.01 
1.82E-os -38.0 2.8 6.01 
1.82E-os -36.9 4.0 6.02 
9.09E-06 -35.6 1.8 6.02 
9.09E-06 -35.6 2.3 6.02 
9.09E-06 -32.1 3.2 6.01 
7.27E-06 -35.6 0.7 6.02 
7.27E-06 -38.9 0.7 6.03 
7.27E-06 -37.3 2.3 6.03 
s.4sE-06 -34.2 2;2 6.03 
s.4sE-06 -34.1 2.7 6.02 
s.4sE-06 -33.0 0.9 6.02 
3.64E-06 -31.5 2.6 6.02 
3.64E-06 -34.1 3.1 6.01 
3.64E-06 -34.3 2.0 6.01 
1.82E-06 -35.0 2.0 6.02 
1.82E-06 -34.8 3.1 6.01 
1.82E-06 -35.0 . 1.7 6.01 
Table C.31: Zeta potential and pH results of AI-HA samples with NaCI at ,., pH 6, where 
the HA concentration was 50 ppm (w.v) 
+ Naa 1 + NaCI2 
AI(N03h Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm·3) (mV) (mV) 
9.09E-03 31.1 1.8 5.99 37.0 1.9 5.98 
9.09E-03 32.1 3.2 5.99 32.6 0.8 6.00 
9.09E-03 37.6 3.0 6.00 30.6 0.6 6.00 
9.09E-04 7.9 1.9 5.99 8.1 1.8 6.00 
9.09E-04 13.3 4.0 5.97 5.1 1.4 5.99 
9.09E-04 0.4 1.7 5.99 -3.5 2.7 5.98 
9.09E-05 -30.3 3.2 5.99 -29.2 1.5 5.98 
9.09E-05 -32.4 1.4 6.00 -31.3 3.5 5.99 
9.09E-05 -30.0 1.4 6.01 -34.4 2.0 6.00 
9.09E-06 -28.5 2.5 6.02 -35.8 1.4 5.99 
9.09E-06 -33.6 2.9 6.02 -36.0 3.7 5.99 
9.09E-06 -36.0 2.4 6.01 -36.0 2.8 6.00 
216 
Table C.32: Zeta potential and pH results of AI-HA samples with NaHCO, at N pH 6, 
where the HA concentration was 50 ppm (w.v) 
+ NaHCO, 1 + NaHCO, 2 
AI(N03)3 Zeta Error (+/-) pH Zeta Error (+/-) pH 
Concentration Potential Potential 
(mol dm·3) (mV) (mV) 
9.09E-03 33.0 3.5 6.01 25.1 2.3 6.01 
9.09E-03 35.4 2.3 6.02 24.6 3.2 6.01 
9.09E-Q3 38.2 1.8 6.01 25.0 1.4 6.01 
5.45E-03 29.7 3.5 6.01 11.2 1.8 6.02 
5.45E-03 36.6 1.7 6.01 5.7 1.9 6.01 
5.45E-Q3 27.2 3.0 6.02 8.1 1.0 6.01 
9.09E-Q4 6.2 1.0 6.04 -5.5 0.5 6.00 
9.09E-04 0.9 1.9 6.01 ·8.3 0.3 6.00 
9.09E-04 -0.1 1.0 6.01 -8.0 0.7 6.01 
5.45E-Q4 -11.9 1.3 6.01 -20.6 2.9 6.01 
5.45E-04 -15.9 0.7 6.02 -22.0 0.3 6.01 
5.45E-04 -15.6 0.8 6.02 -25.6 1.5 6.01 
9.09E-Q5 -28.5 2.2 6.00 -33.6 1.9 6.01 
9.09E-Q5 -29.3 3.9 6.00 -32.1 2.6 6.02 
9.09E-05 -35.8 0.4 6.01 -31.5 0.4 6.02 
5.45E-05 -32.8 1.1 6.01 -28.3 2.1 6.02 
5.45E-05 -31.4 1.0 6.00 -35.2 2.7 6.03 
5.45E-Q5 -31.0 3.7 6.00 -28.5 2.6 6.02 
9.09E-06 -37.2 2.5 6.00 -33.8 2.4 6.02 
9.09E-06 -34.5 3.8 6.01 -35.7 1.2 6.01 
9.09E-Q6 -27.7 0.6 6.02 -33.5 1.4 6.01 
5.45E-Q6 -32.8 2.1 6.02 -32.5 1.1 6.01 
5.45E-06 -35.9 2.2 6.01 --40.3 3.2 6.02 
5.45E-06 -29.8 2.3 6.01 -32.8 1.4 6.02 
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Table C.33: Absorbance of AI-HA samples at 254 nm (after filtering samples) with NaCI 
and NaHC03 at N pH 6, where the HA concentration was 50 ppm (w.v) 
'... -." 
Concentration 
(mol dm-3) 
o 
~., 
7.'<'11 -u.> 
7.'<'/<:"1)'> 
I:; 
I:; 
I:; 
1 
o 
o 
( .. 
I:; 
1 
1 
IQF )4 
:-
1 R.,F;-04 
9.1 :-0 
7. 
7. 
7. 
I:; 
I:; 
1. 
i at 25' nm - after 
AI+HA 
t.3151 
1.1123 
1.1118 
1.1121 
o R"OI 
J.: 
0.21 0 
0.2637 
o "';':14 
Q.: 
0.0927 
O.OQIl 
0.0702 
o O';OR 
0070R 
0.0r;,"1 
0.05'4 
0.0517 
o ':1.,1'; 
o ':IOR':I 
"1 
14,' 
nil 
."I"15R 
1.3222 
1.3236 
1 ':I"''' 
1 ':I':IR':I 
1 ':I70R 
1."I,Q, 
1.3327 
+ Naa 1 
1.0)9: 
1.0096 
1.0093 
0.7348 
0.7344 
.7:15: 
0.19 
O.IQRR 
0.1031 
,1,14' 
1.1 
o O.:oR 
17 
'''I 
o nl:;07 
0.1013 
0.1017 
o 10.,., 
218 
+ NaO 2 
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9.09E-06 1.3422 1.3435 1.3437 1.2605 1.2661 
9.09E-06 1.3451 1.3023 1.3283 1.2581 1.2718 
9.09E-06 1.3452 1.3124 1.2112 1.2328 1.2431 
7.27E-06 1.3322 
7.27E-06 1.3341 
7.27E-06 1.3299 
5.45E-06 1.3368 1.2284 1.2469 
5.45E-06 1.3371 1.1725 1.1881 
5.45E-06 1.3200 1.1896 1.2099 
3.64E-06 1.3297 . 
3.64E-06 1.3234 
3.64E-06 1.3451 
1.82E-06 1.3462 
1.82E-06 1.3403 
1.82E-06 1.3473 
Table C.34: Absorbance of AI-HA samples at 254 nm (after filtering samples) with NaCI 
and NaHC03 at N pH 6, corrected by - the absorbance at 254 nm of the control 
samples, where the HA concentration was 50 ppm (w.v) 
Absorbance at 254 nm - after filterirlcl samples 
AI(N03)3 
Concentration 
(mol dm"3) AI+HA + NaCl1 + NaCl2 + NaHC03 1 + NaHC032 
9.09E-03 -0.3271 -0.4048 -0.4436 0.1976 -0.0718 
9.09E-03 -0.3246 -0.3754 -0.4386 0.2159 -0.0709 
9.09E-03 -0.3135 -0.3975 -0.4543 0.2203 -0.0659 
7.27E-03 -0.2548 -0.3445 -0.3745 0.0743 -0.0692 
7.27E-03 -0.2555 -0.3462 -0.3684 0.0815 -0.0685 
7.27E-03 -0.2547 -0.3469 -0.3673 0.0774 -0.0812 
5.45E-03 -0.1967 -0.2896 -0.3026 -0.0181 -0.0774 
5.45E-03 -0.1976 -0.2905 -0.3044 -0.0141 -0.0736 
5.45E-03 -0.1983 -0.2885 -0.3128 -0.0026 -0.0761 
3.64E-03 -0.1554 -0.2139 -0.2251 -0.0083 -0.0833 
3.64E-03 -0.1545 -0.2139 -0.2238 -0.005 -0.0831 
3.64E-03 -0.1544 -0.2089 -0.2239 -0.0065 -0.0809 
1.82E-03 -0.0822 -0.1367 -0.1329 -0.0134 -0.0816 
1.82E-03 -0.0818 -0.1354 -0.1451 -0.0146 -0.0798 
1.82E-03 -0.0858 -0.1374 -0.1516 -0.0249 -0.0807 
9.09E-04 -0.0056 -0.0168 -0.0212 -0.0104 -0.0807 
9.09E-04 -0.0960 -0.0154 -0.0987 -0.0060 -0.0831 
9.09E-04 -0.0871 -0.0147 -0.0959 -0.0090 -0.0845 
7.27E-04 0.0925 
7.27E-04 0.0927 
7.27E-04 0.0913 
5.45E-04 0.0702 0.0805 0.0417 
5.45E-04 0.0698 0.0810 0.0493 
5.45E-04 0.0708 0.0799 0.0438 
3.64E-04 0.0523 
3.64E-04 0.0524 
3.64E-04 0.0517 
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1.82E-04 0.3216 
1.82E-04 0.3083 
1.82E-04 0.3213 
9.09E-05 1.3402 1.3261 1.3289 1.2015 1.3450 
9.09E-05 1.3391 1.3263 1.3376 1.2080 1.3479 
9.09E-05 1.3358 1.3198 1.3116 1.2118 1.3512 
7.27E-05 1.3029 
7.27E-05 1.3060 
7.27E-05 1.2935 . 
5.45E-Q5 1.3383 1.2385 1.3553 
5.45E-05 1.3298 1.2336 1.3578 
5.45E-05 1.3321 1.2348 1.3517 
3.64E-Q5 1.3326 
3.64E-05 1.3127 
3.64E-Q5 1.3092 
1.82E-05 1.3103 
1.82E-Q5 1.3294 
1.82E-Q5 1.3327 
9.09E-06 1.3310 1.3304 1.3302 1.2490 1.2530 
9.09E-06 1.3334 1.2901 1.3151 1.2455 1.2590 
9.09E-06 1.3348 1.3019 1.1972 1.2191 1.2298 
7.27E-06 1.3322 
7.27E-06 1.3341 
7.27E-06 1.3299 
5.45E-06 1.3368 1.2284 1.2469 
5.45E-06 1.3371 1.1725 1.1881 
5.45E-06 1.3200 1.1896 1.2099 
3.64E-06 1.3297 
3.64E-06 1.3234 
3.64E-06 1.3451 
1.82E-06 1.3462 
1.82E-Q6 1.3403 
1.82E-06 1.3473 
Table C.3S: Results from measuring the zeta potential and pH of Ni-HA samples at N 
pH 6, where the HA concentration was 50 ppm (w.v) 
Ni(N03h Concentration 
(M) Zeta Potential (mV) Error (+/-) pH 
5.00E-03 -12.5 1.3 6.02 
5.00E-03 -12.6 0.9 6.02 
5.00E-03 -11.9 0.9 6.01 
2.50E-Q3 -14.8 1.7 6.01 
2.50E-Q3 -15.6 1.4 5.98 
2.50E-03 -15.3 1.3 5.99 
5.00E-04 -31.0 2.9 6.01 
5.00E-Q4 -29.1 0.6 6.02 
5.00E-04 -26.9 1.5 6.02 
. 2.50E-04 -27.7 2.2 6.02 
2.50E-04 -29.0 2.4 5.99 
2.50E-04 -28.0 1.5 5.97 
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Table C.36: Zeta potential and pH results of NI-HA samples with NaCI and NaHC03 at N 
pH 6, where the HA concentration was 50 ppm (w.v) 
+NaQ2 + NaHC03 2 
Ni(N03)z Zeta 
Concentration Zeta Potential Potential Error 
(mol dm·3) (mV) Error (+/-) pH (mV) (+/-) pH 
4.SSE-Q3 -12.7 1.2 6.01 -lS.9 1.8 6.02 
4.SSE-Q3 -13.1 2.7 6.02 -16.2 2.6 6.01 
4.SSE-03 -13.8 l.S 6.01 -14.6 1.4 6.02 
4.SSE-03 -13.4 1.1 6.01 -14.6 l.S 6.02 
4.SSE-03 -14.4 1.2 6.02 -14.6 1.S 6.01 
2.27E-Q3 -16.2 1.0 6.02 -18.S 1.0 6.01 
2.27E-Q3 -16.2 2.0 6.02 -17.7 3.2 6.01 
2.27E-Q3 -14.6 0.7 6.01 -18.0 2.3 6.02 
2.27E-03 -lS.8 2.0 6.01 -17.4 1.4 6.00 
2.27E-03 -17.7 4.8 6.01 -19.6 3.8 6.01 
4.SSE-04 -27.7 1.4 6.00 -30.7 S.O S.99 
4.SSE-Q4 -29.4 1.6 6.01 -31.3 2.6 6.02 
4.SSE-Q4 -29.1 3.7 6.00 -30.S 2.6 6.01 
4.SSE-Q4 -26.3 2.9 6.01 -31.0 3.9 6.00 
4.SSE-Q4 -26.0 1.4 6.01 -26.7 5.3 6.01 
2.27E-04 -31.0 1.3 6.01 -33.0 2.6 6.02 
2.27E-04 -32.1 S.l 6.00 -36.2 3.2 6.03 
2.27E-Q4 -29.8 2.8 6.00 -29.8 4.1 6.01 
2.27E-04 -31.9 4.S 6.00 -35.0 4.S 6.01 
2.27E-04 -30.6 2.6 6.04 -28.2 0.6 6.01 
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Appendix 0 
Using HPSEC to Investigate HA Ternary Complexes 
HPSEC has been used as a technique to possibly study ternary complexes of the 
type HA-M-(HC03)y. If HA can be separated from a small molecule or ion such as 
Eu then the concentration of Eu bound to the HA can be calculated from peak 
areas. Therefore, initially an attempt to separate NaN03 from the large HA 
molecule was attempted (due to the expense of using large amounts of Eu(N03h). 
This being possible experimental work would be carried out in an attempt to 
separate HA from Eu(N03h. The addition of NaHC03 to the system can then be 
studied, to see if the addition of carbonate effects the amount of metal binding to 
the HA. This could provide evidence for the formation of ternary complexes. 
Standards were prepared, as to manufacturer's instructions, and injected into the 
HPLC. The results were as expected with clearly resolved Ovalbumin and amino-
benzoic acid peaks in the expected positions on the chromatogram (figure d.l, 
table d.l). 
All samples were prepared in 0.05 mol dm-3 NaCI, which is the same as the mobile 
phase used. The flow rate is 0.75 cm3/min unless otherwise stated. 
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Figure 0.1: HPSEC of column standards - albumin and 4 - aminobenzoic acid at a flow 
rate of 1 cm3/min 
Table 0.1: Results table for Figure 0.1 
Retention TIme (min) Area (mV.sJ. Height (mV) 
11.070 1609.210 52.630 
12.797 2350.326 92.303 
A 50 ppm HA sample was injected into the HPLC (figure d.2, table d.2) . A 
Gaussian shaped peak was obtained with a small side peak, the main peak eluted 
at ~ 14.8 min. This was unexpected since the HA retention on the column is 
unpredicted also, HA is known to have a wide range of molecular weights, so a 
much broader shaped peak would be expected. This experimental work was 
carried out in duplicate (figure d.3, table d.3) and results were replicable. The 
total peak area for the first injection is 7656.52 mV.s and for the second injection 
7650.133 mV.s. 
223 
30 
15t':)3.'?OOII 11:11 
ImV] 
100 
III 
«l-
o 
N 
5 
I 
10 
.. 
I ... 
181 \ ~ 
l 
11 
" I 
I . '-" -:::..-. __ ..L 
15 
I 
211 
CLARITY llTE . 1.jD9.MARCH 200e1 
----
----
35 
Figure 0.2: HPSEC of 50 ppm HA, in 0.05 M NaCI mobile phase and at a flow rate of 
0.75 cml/min 
Table 0.2: Results table for figure d.2 
Retention Time (min) Area (mV.s) Height (mV) 
6.017 304.434 4.414 
7.080 115.817 2.445 
14.760 6179.005 78.564 
15.997 1057.264 30.974 
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Figure 0 .3: HPSEC of 50 ppm HA, in 0.05 M NaCI mobile phase and at a flow rate of 
0.75 cm'/min 
Table 0.3: Results table for figure d.3 
Retention Time (min) Area (mV.s) Heiqht (mV) 
6.343 154.607 3.355 
7.093 95.079 2.568 
14.797 6328.712 79.268 
16.030 1071.735 34.868 
A 100 ppm HA sample was then injected into the HPLC (figure dA, table dA) a 
Gaussian shaped peak was obtained, this time without the small side peak. 
However on repeating this injection (figure d.5, table d.5) the small side peak was 
present. In both spectra the HA eluted at ~ 14.8 min, as was seen in the 50 ppm 
HA spectra. The total peak area for the first injection is 19321.21 mV.s and for the 
second injection 15033.21 mV.s. Since for the 50 ppm HA spectra the total areas 
for two separate injections were very similar it is this concentration which will be 
used in further work. 
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Figure 0.4: HPSEC of 100 ppm HA, in 0.05 M NaCI mobile phase and at a flow rate of 
0.75 cm3 /min 
Table 0.4: Results table for figure d.4 
Retention Time (min) Area (mV.s) HeiQht (mV) 
6.117 96.600 2.104 
7.063 159.788 3.422 
14.750 16442.054 153.985 
17.000 1384.865 10.713 
22.113 548.285 4.757 
31.390 273.347 2.492 
37.230 416.267 2.455 
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Figure 0.5: HPSEC of 100 ppm HA, In 0.05 M NaCI and at a flow rate of 0.75 cm3 jmin 
Table 0.5: Results table for figure d.S 
Retention Time (min) Area (mV.s) Height (mV) 
6.147 153.214 3.023 
7.100 161.869 3.132 
14.780 12821.993 157.191 
15.933 758.878 35.819 
16.450 1137.255 8.781 
A range of NaN03 concentrations were injected from 1 x 10.2 - 1 X 10-7 mol dm'3, 
which eluted at N 16.2 min. A summary of the peak areas is listed in table d.6 and 
can be seen in figure d.12. The peak intensity increases with increasing NaN03 
concentration as expected. For each NaN03 concentration individual spectra can 
be seen below, each figure number is listed in table d.6. 
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Table 0.6: Peak area on HPSEC of varying concentrations of NaNO, 
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Figure 0.6: HPSEC of 0.01 mol dm" NaNO, (0.05 mol dm" NaCl, 0.75 cm' min'l) 
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Figure 0,7: HPSEC of lxl0" mol dm" NaNO, (0.05 mol dm" NaCI, 0.75 cm' min" ) 
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Figure 0.8: HPSEC of lxl0" mol dm" NaNO, (0.05 mol dm" NaCI, 0.75 cm' min") 
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Figure 0.9: HPSEC of lxl0·5 mol dm-' NaNO, (0.05 mol dm-' NaCI, 0.75 cm' min-') 
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Figu·re 0.10: HPSEC of lxl0-6 mol dm-' NaNO, (0.05 mol dm-' NaCI, 0.75 cm' min-') 
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Figure 0.11: HPSEC of lxl0'7 mol dm') NaNO) (0.05 mol dm') NaCI, 0 .75 cm) min" ) 
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Figure 0.12: A graph to show peak intensity on HPSEC of varying concentrations of 
NaNO) 
231 
Samples were prepared to contain 50 ppm HA and NaN03 at the following 
concentrations 1 x 10-5 (figure d.13), 1 x 10-4 (figure d.14) and 1 x 10-3 (figure 
d.15) mol dm-3. All samples were prepared in 0.05 mol dm-3 NaCl and at a flow 
rate of 0.75 cm3 min-1 • The peak information is given in table d.7 and a 
comparison between the different NaN03 concentrations can be seen in figure 
d.16. 
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Figure 0 .13: HPSEC of 50 ppm HA and 1 x 10-5 mol dm-' NaNO. 
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Figure 0 .14: HPSEC of 50 ppm HA and 1 x 10" mol dm'3 NaN03 
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Figure 0.15: HPSEC of 50 ppm HA and 1 x 10'3 mol dm,3 NaN03 
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Table 0.7: HPSEC peak information on samples containing 50 ppm HA and different 
concentrations of NaN03 
1 X 10-> mol dm-' NaN03 1 x 10" mol dm-3 NaN03 1 x 10-3 mol dm-3 NaN03 
Retention Area Height Retention Area Height Retention 
Time (mV.s) (mV) Time (mV.s) (mV) Time 
(min) (min) (min) 
Peak 1 15.017 4889.9 65.6 15.020 4794.7 65.6 15.073 
Peak 2 16.113 1270.8 41.0 16.120 3523.7 151.9 16.277 
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Figure 0 .16: HPSEC peak information on samples containing 50 ppm HA and different 
concentrations of NaN03 
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From previous experiments HA is expected at a retention time of ~ 14.8 min and 
NaN03 at a retention time of ~ 16.4 min. Figure D.16 illustrates that the area of 
peak 1 (retention time N 15.0 min) does not change considerably with increasing 
NaN03 concentration, which is expected since 50 ppm HA is used in all 
experiments. The area of peak 2 (retention t ime ~ 16.1 min) increases linearly 
with increasing NaN03 concentration, which is expected due to the increasing 
NaN03 concentration. 
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Figure 0.17 compares the HPSEC obtained peak areas of 1 x 10-2 - 1 X 10-7 mol 
dm-3 NaND3 with the samples containing NaND3 and 50 ppm HA. When HA is 
present the NaND3 peak declines, which may be due to association of the NaND3 
with the HA. However, if this were the case the peak attributed to HA at a 
retention time of IV 14.8 mln would be expected to Increase with Increasing NaND3 
concentration, an effect which is not seen in these spectra. A loss in peak area will 
also occur due to the incomplete resolution of the HA and NaND3 peaks. 
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Figure 0.17: Comparison of HPSEC peak area of varying NaNO~ concentrations and 
NaNO] with 50 ppm HA 
Separating HA from a small molecule or ion using HPSEC should lead to two 
clearly resolved peaks, one for the HA and one for the small molecule. However, 
since the HA Is retained on this column this does not happen. Without clearly 
resolved peaks the evidence if any for ternary complexes would be a postulation 
and not direct evidence. Since a method which gives direct evidence of ternary 
complexes is the goal, it was decided not to continue with this work. 
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